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Man's ability to extract trout a visual scone the simple

essence which distinguishes an A from a B or a chair from a

table is very much unknown. The ease at which the human

visual system performs such pattern recognition has lead to

the fundamental research in dletermining how man's brain

performs such a task. Knowing snme of the anatomy and -the

structure of the brain has not given a clear indication of

the transforms and algorithms used. By providing a means to

probe the visual pathway, where the measuring technique does

not effect the natural response, the researcher might begin

to understand the process which provides pattern recognition.

Improving the techniques used might unlock more of the

ISCOsecrets hidden in the entire cerebral cortex.

Each small advance in a field of so many unknowns

generates so many more questions to be answered. The

* development of a small semiconductor electrode array as a

tool for brain research gives rise to the question of how to

make a system totally implantable for long term

*investigation. This research concerns itself with proving

the feasibility of a completely implanted system for data

collection using the AFIT 16 by 16 fully multiplexed

information readily available, others can unravel the

transformations and algorithms which will model the visual

* system.
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T he research conducted in this study develops an

ir)lantable communications (biotelemetry) link for the Air

Force Institute of Technology's implant able, mul tiplexed,

multieltectrode array used to record electric potentials on

the visual cortex of a mammal. A prototype is developed to

test the feasibility of transcutaneous data transfer and

power transfer for a system relaying 100 KIz of data

bandwidth. The working system uses a varactor FM modulator,

pha.se locked loop demodulator, and op amp signal

aIplificatioI. Power transfer is made by a single frequency

RF inductive couple to an implanted rechargable Ni-Cu battery

pack. The implanted system draws 18 milliwatts of power and

the power supply is capable of supplying 30 milliamps of

currert at 5 volts for a 2 hour periodl before recharging is

required. Details of the design procedures as well as

recommendations for an implantable system realization are

included.

xi



i t.liec elect rode array by supplying power and clocking to

th~~ r ray.

The system design must lead to a system which has

biol ogically compatibility with the host. Size is a primary

corsideration in making a system conform to ultimate

miniaturization and implantation which in turn dictates a

small power supply. This forces low power designs,

especially since substantial power drain occurs due to the

NMOS electrode array, an unchangable part of the system. The

power supply must also be able to supply voltages

consistently over the entire time of operation. Operation in

the bod'y recuies that the system does not damage the tissue

or significantly alter natural functioning of the host
I,

Thereffore, techniques of encapsulation and trauma prevention

must be addressed in the design.

A final part of the problem of an implantable

communications link is reliability within the harsh

environment of the body. Reliability requirements suggest

simplicity in design, however trade-offs in performance must

be made to accomplish it. Preventative measures in addition

to circuit design are involved in solving the problem.

Scone

In order to achieve a working prototype of the initial

htotolemetry link, existing designs will be used as much as

possiblo. At radio frequencies, design is difficult to

1-14
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The problem which is addressed in this thesis is the

prototyping arid evaluation of an out,.-;i( communications link

for the NMOS 16 x L6 AFIT - ect rode array. The

communicatior.s link must supply the required power and

clocking signals to the e ectrod- array chip, provide

amplification of the multiplexed brain signal, and modulate a

radio frequency carrier suitable for detection and

demul tiplexing outside of ' he body. All processing must De

done within low power constraints and be capable of reduction

into an implantable system. The outputted signal must be

decodable and the signals of each electrode reconstructed.

The following paragraphs gives a more thorough description of

the problem.

To provide a long term natural environment for the

collection of electroencephalographic data from the visual

cortex , an implantable biotelemetry link must be developed

to interface with the AFIT 16 by 16 electrode array This

system must be able to take a pulse amplitude, time division

multiplexed signal and process it so it can be transmitted

through the skin and decoded outside. Information required

for decodicg must allow the determinalion of which electrode

produced a rn-rticular volt-age and when a change of electrode

occurs. Th, unit has to supply electroencephalographic data

for s,verril hour,. at a time arid be u;able over a period of 0

1-13



trnsmfiltters is common for the study of electrica] potentiPj I

in the body. As early as 1957 small FM and AM modulated

signals were being produced by implantab]e transmitters for

ti!e recording of internal temperature. Small, battery

powered units gradually emerged, which transmitted electro-

cardiogram and electroencephalogram data. The numbers of

different transmitters produced in the 60's and 70's make it

difficult to go into depth for each transmitter, but they can

be generalized by the following characteristics; one to

fifteen channels of low bandwidth signals, FM modulation

using colpitts oscillators usually in the commercial FM band,

and signal encoding of either pulse amplitude or pulse

duration modulation. Other forms of tramsmission have been

used, but the literature shows only a few of each. The

circuitry over the years has changed from discrete components

to integrated circuits (IC's) , however the final output RF

transmitter is still a single discrete transistor in most

cases.

Evolution of the transmitter circuitry is dominated by

the development of low power integrated amplifiers and CMOS

digital control logic. This has allowed complex signal

processing in the implant, making possible the monitoring of

many signals (less than 15). Along with the development of

high density IC's, the use of thick film substrate techniques

have produced compact and highly reliable systems. The only

limit on complexity of the system are power demand and low

1-12



techni ce, s, and found that phosphorsiliciato glass ( PSG) and

polyimide produced the best resistance to ion penetration

(14:38, 55, 59). In testing the array, he built drive

circuitry which would eventually be used in an in vivo

testing in a dog.

Armed with the devices produced by Fitzgerald and the

passivation technique developed by German, the team of Russel

Hensley and David C. Denton, GE-82D packaged a brain chip

with interconnection to external support circuitry and

amplification. Their thesis provides actual data on the fine

grain e!ectrode array used on the visual cortex of a

mammalian dog. Although no detailed data reduction was

performed, the thesis did provide the fundamental technique

for surgical implantation of the brain chip electrodes,

apparatus for data gathering of signals, and a method for the

visual evoked response (VER) collection of data (15:10-11,

28-51, 64-66, 71-82, 86-89).

Successive theses in this area have tried to improve

upon the inherent problems of JFET technologies by using NMOS

arrays to produce both larger arrays and onboard multiplexing

of the signals. These attempts have had some limited success

towards producing a completely functional design. Once a

ar%.r array is fully operational, the problem of a fully

irp1jntabL1, system arises where all necessary support and

co~r:,ni cat ion links can be contained in the host's body.

I-ii
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dItv.eoped an implantable semiconductor electrode array and

successfully used the device in a dog. The work in the

progression is summarized in the following paragraphs.

The initial proposal for a AFIT multielectrode array

come from Joseph Tatmdn, GE-79D. His proposal was the

development of an electrode array using JFET technology to be

used in conjunction with a multiplexing scheme, voltage

amplification, and pulse duration modulation using a tunnel

diode oscillator. Although Tatman's array did not work, he

laid out the fundamental requirements for a large scale

multielectrode array using biotelemetry and transcutaneous

power coupling to the impla' ted device (5:22-44, 80-86).

Gary Fitzgerald, GE-80D, continued the work started by

Tatman in developing an electrode array. Fitzgerald's work

incorporated a new fabrication process to remove problems

found fn Tatman's array. Also included in his thesis effort

was a change of electrode metal from gold to silver-

silverchloride to produce better electrode response. The

electrode array did work on air but failed in the sodium ion

rich environment used to simulate the brain (13:108-109).

George German, GE-81D, took Fitzgerald's arrays and

sought a passivation method for the array which would solve

the problem of ion contamination of JFET switching transitors

while having suitable dielectric and water absorption

characteristics necessary for semiconductor design. After

evaluating the source of contamination, German tested 5

1-10
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number o f o u tp ut leads and the reproducibility of eachj

electrode within an array.

The electrode array produced at The University of

Southampton, England in 1980, shows great foresight into

solving some of the problems associated with recording of

biological signals. Their array is a 9 electrode (3 x 3)

array built around MOS technology where the electrode itself

is the metal gate for a transistor which provides initial

amplification before noise effects can materialize and an

impedance match for the high source impedance found when

reading electric potentials off the brain. The output of

each electrode drives a source follower configuration which

is directly coupled into a voltage amplifier. The problem of

insulation of active devices and leads from water, salt, and

other ionic damage is provided by silicon dioxide, positive

photoresist and varnish depending on the exact area of the

chip (11:553-556). To limit the number of output leads

multiplexing circuits produced a single pulse amplitude

modulated, time division multiplexed signal which was passed

out of the brain using wires. The quality of the signals

achieved was above what was gathered using glass pipette

methods. This work proved to be very much similar to the

work being done at the Air Force Institute of Technology.

AFIT Electrode Array Research. Parallel to the

Jobling experiments in England were the sequence of Masters

1-9



with various stimuli. The technique proved successful, but

the large bundles of wire made the devices very sensitive to

breakage, very hard to reproduce identical characteristics

for each probe and producing 400 amplifiers to read the data

is impractical. Other problems included crosstalk between

adjacent electrodes and the shear physical bulk of the

apparatus, especially in the brain cavity. The results of

this study showed evidence that the activity from a evoked

response is very localized, at least as small as .5mm (the

resolution of the system) and not distributed as some earlier

EEG techniques had seem to shown (9:23-24, 26-29). This

reduced grain size analysis is now the basis for the AFIT and

University of Southampton semiconductor electrode arrays.

Electrode Arrays. The present state of the art for

electroencephalographic recording of the cortex is the

semiconductor electrode array. Separate but concurrent work

in this area by bioengineering students at the Air Force

Institute of Technology and researchers at The University of

Southampton, England, proved the use of semiconductor

technologies in the manufacture of fine grain electro-

encephalographic electrodes. The designs of each array,

* although quite different, demonstrated the principles

introduced by Wise in his multielectrode array using photo-

lithographic methods to define electrode and active devices

* (10:238-239). The significant achievement of each of the

1-8
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fully interpre t the BCE iriteicorinections by measuring evoked

electric: potentials, a small reliable electrode capable of

measuring small potentials in a localized area was needed.

This section will describe the evolution of the research from

single probes to large semiconductor electrode arrays.

Brain activity in early research was measured by

cumulative responses of many neurons measured by large

electrodes on the scalp. This provided very basic

information but lacks the detail needed to generate models of

the brain. The next level of research was done using single

cell microprobes made of relatively inert metal wires or

glass micropipettes. These probes were inserted directly

into the brain tissue so the tip of the electrode penetrates

neural cells. The electrodes produced excellent responses

but physical damage to the cell creates unwanted responses

not associated with the normal pathway. A typical example of

this is the work done by Hubel and Weisel in the cortex of a

cat and monkey (8:106-110; 6:153-159). Measurements of this

type were very useful in determining a size associated with a

BCE.

Research then moved towards an electrode array to

measure evoked potentials over a large area of the visual

cortex but in sufficiently fine detail. Fine wire electrodes

were bundled into an array to produce a uniform pattern in

which potential gradients across the surface could be

measured. The work done by DeMott used a 400 probe array to

1-7



pa t-t er ns (7:106- 108) Further, these experiment~s imply the

perception processing of the brain is not done within the

primary visual area, but rather a process of the pathways

af ter this point. Secondary visual cortex simulation by

electrodes has caused complex shapes and patterns to be .

observed. This transition from point sources to complex line

and shape patterns means that some level of perception occurs

within that mapping.

The next level of research is the recording evoked

potentials of individual BCE's which might give an averaged

level of activity of the neurons composing a single BCE. BCE

activity corresponds to direct neural stimulation of the BCE

and gives a general way to monitor stimulation within the

pathway. Electroencephalographic monitoring with electrodes

provides a means of simultaneously recording electrical

signals at sites in both primary and secondary areas, giving

some information about the interconnections, but lacks in

resolution. Alternative methods of determining mapping would

be to do a Golgi-stain method and trace individual neural

fibers. However, the time required to trace the millions of

interconnections would seem to rule out this type of detailed

anatomical study. This forces the more general study

technique of electrode recording of BCE activity to produce

some reasonable model of the mapping.I

1-6
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cortex ard that t he ultimate [)attern recognil ion ,,<:curs, ill

part, in the secondary or association visual cortex.

Concurrtnt work by anatomists found that the visual cortex

areas perform processing on a very localized basis due to the

lack of large scale spreading of nerves connected to an input

nerve. These inferences were made from elaborate

Golgi-Method staining methods used to determine localized

neural networks (6:152). The localized processing units

referred to by Kabrisky as the Basic Computational Elements

(BCE) is the unit of interest in determining the exact

processing nature of the cortex. It is believed that at this

level the inputs and mnzory form a functional transformation

of the information. However, the ability to trace signals by

looking at single neurons is not easily accomplished, and

research efforts have preceded to look at the interrelation

between arrays of BCE's and the resulting transformation

which contains fundamertals of perception (5:39-54).

The interconnection of the many BCE's of the primary

visual cortex area to a single BCE of the secondary visual

cortex implies a formal mapping transformation similar to

those of a two dimensional Fourier transformation or similar

transformations. Experiments performed by Brindley and

Donaldson using electrical stimulation directly to the

primary cortex produced spots of light known as phosphenes

and shows that stimulation of BCE's of the primary visual

1-5



co~flbjnatAor of the pr imary and secondary cortical areas could

r sicjniticariLly reduce the number of stimulation points needed

to produce, a recognizable patterns. Because of the one to

one mappingj from the retina to the primary visual cortex, the

amount of information which the optic nerve provides is

prohibitively large to seek to simulate with electrode

stimulation. If the transformation process which takes

places at the secondary visual cortex could be tapped into

producing a decoded pattern with only a few stimulation

points, a reasonable facsimile of sight might be produced by

external stimulation. A thorough analysis of the visual

cortex may provide the means by which a practical visual

* prosthesis can produce quality limited visual sensation for

many blind persons.

Background

The Visual Perception System. Neurological research

0 directed towards understanding the function of Pcrception,

although extensive, shows little success into learning the

methods used by the brain to extract perceptual information.

S Man's ability to recognize objects in a complex field, read

handwriting from many different sources or perceive familiar

shapes is relatively unknown. Many experimental methods have

been pursued to fulfill a gradual understanding of the

perception process. Early research into visual mapping came

from observations of visual effects when brain damage occurs

1-4



As the mapping of the stimulus through the eye, to the

(primary visual cortex is accomplished, experimental

demonstration of a 1 to 1 mapping function of the eye to the

primary visual cortex can be explored further. By placing

two electrode arrays on the brain, one on the primary visual

cortex and another on the secondary visual cortex it is

possible to begin the task of mapping the neural response of

( the secondary visual cortex to that of primary visual cortex.

This information is necessary to develop a model for the

human visual system, much like the one proposed by Kabrisky,

a two dimensional cross correlation (5:47-53, 58-59, 82). As

suggested in Kabrisky's concluding remarks, "Finer details of

the cortical connections are required to decide the case for

* either the proposed model or one computing with transforms

(5:82) ." This thesis will aid in achieving that finer detail

needed to determine an appropriate model. Through direct

6 application of such a model, a scheme for pattern recognition

with a machine can produce results that rivals man's. As the

model is refined and better understood, the model could be

generalized to other sensory and thought processing done by

the human brain.

As information on the visual pathway's interconnections

and information processing techniques are unraveled, the

reality of a limited visual prosthesis for the blind becomes

a reality. Present work in the visual prosthesis area

explores the primary visual cortical area for stimulation.

1-3



,I! Jel -i .onsln Lp etween the primary and sicondary visual

cortex, and ultimately find an effective way for external

stimulation to provide limited sight in many blind persons

(1:281-282; 2:14; 3:479; 4:44).

An extended implantation life for the implanted electrode

array will allow a long term test period in which evoked

responses can be measured from visual stimulation through the

eye. This will prove especially important in determining the

effects of envirommental changes on electroencephalographic

data for similar stimuli. But more significantly, the use of

a biotelemetry system will reduce the effects of localized

trauma due to incisions needed to allow communications and

support wires to pass out of the brain cavity. A completely

implanted transmitter would allow the skull and skin to be

completely closed after implantation. This allows the body

to form an intact seal preventing bacterial infections which

could prove dangerous to the subject. Not only is the chance

of infection reduced but the localized area will gradually

adjust to the presence of the implant, reducing the effects

induced by the implant being within the brain cavity. By

allowing the most natural response over a long period of time

the experimental data will produce a consistent

represencation of the electrical physiological events in that

localized area of the brain. Data free from perturbations

due to the presence of measurement equipment should provide a

sound and very realistic picture of the brain. With this

type of data reasonable inferences concerning functioning of

1-2



A (M,,4M[J iL'AiIGNS LINK FOR AN

IMPLANTABLE ELECTRODE ARRAY

I. INTRODUCTION

Significance

Neurological research over the past century has made

Imajor advances into understanding the functioning of

mammalian brain. However significant the scientific research

has been, only inferences can be drawn on exactly how sensory

information is processed in the cerebral cortex and used to

make decisions. The visual pathway is of particular interest

because of the scientific community's limited understanding

on how the brain is able to recognize particular shapes;

either scaled to various sizes, rotated over a range of

angles, located in a cluttered visual field, or just plain

distorted. Understanding this process of information

extraction from sensory information provided -by the eye,

could allow us to mimic the process on machines, to provide

pattern recognition, or to intervene in the brain's natural

process in order to help those whose vision has been impaired

4 due to damage somewhere along the visual pathway. This effort

is significant in that it will prove a design of a

communication link which will allow extended implantation

life for the Air Force Institute of Technology's brain

electrode array, providing a simple means for establishing a



but may niot exLend beyond the very simplest capabilities of

the devices. Larc e bandwidth requirements of the PAM

modulating signal will be reduced as much as possible to

produce a working amplifier and waveshaping circuits which

can be designed for a thick film realization for

implantation. This thesis will make no attempt to produce an

4 implantable system but rather show the feasibility of such a

system and provide the guidelines for a system using what was

learned in this prototype.

The design presented in this thesis makes several

assumptions as a starting point of the design. First it is

assumed that the system is to be used with a fully

multiplexed 16 by 16 electrode array implemented in NMOS.

The only required inputs to the array are power in the form

of a ground and a positive supply between 3 and 6 volts, a

*clocking signal to sequence the array between electrodes, and

the ability to use a power supply line to hold count-select

and sync-in pins at proper values. Also assumed is that

ample room exists in the receiving host to implant a small

power supply and transmitter in the chest cavity and the

electrode array assembly in the brain cavity. Finally, it is

assumed that this thesis will not produce the circuitry

necessary to reconstruct the signal at each electrode but

rather it will supply the PAM signal and synchronization to

decode the signal.

Testing of the system will be done on a breadboard, where
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generator and with electric models for the electrodes. Power

unit testing will demonstrate the ability to supply

sufficient power to an internal battery pack.

Approach

The approach to solving the problem presented here is

comprised of six major steps. Step one is an exhaustive

4 literature search, where systems for biotelemetry and

inductive power transfer will be explored and examined for

suitable adaptation to the design problem. Step two will1

4 produce a design of a frequency modulated (FM) transmitter

capable of transmitting the broadband pulse amplitude

modulated (PAM) wave. This FM signal will be inductively

coupled to a demodulator outside the brain cavity. The

transmitter must also be breadboarded and tested to show

ability to produce exceptable modulation even when inductive

*coupling coil is submerged in the lossy body fluid. Step

three involves designing an amplifier for the EEG signals,

and then adding sufficient synchronization information to

*provide suitable reconstruction of the signals. Once again

this will be breadboarded and tested for stability and

compatibility with the electrode array and the transmitter.

* Step four is the development of an external power supply

source and a means of generating a clock to sequence the

array through each electrode position. System design will be

* adaptations of existing systems and will be breadboarded to
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receiver to ieproduce the array's PAM waveform and the

superimposed sync waveforms. The final step will integrate

the entire system and test for ability to reproduce

accurately the PAM waveform generated by the electrode array.

At the time of this writing, a working fully multiplexed

array does not exist so biological signals must be simulated

to evaluate system performance so that recommendations can be

made to improve the system design and provide system

miniaturization for implant USE. Once the system is

evaluated, extensions of the system will be recommended.

Order of Presentation

Chapter two will present a detailed analysis of the

U problem, describing requirements and system trade-offs.

Chapters three and four will discuss the actual design of the

system, including the basi.c theory, the design procedure and

*7Jthe steps necessary to produce a working system. Chapter

five will present the results of the system's testing and

discuss attributes as well as problems. Chapter six will

5 draw conclusions about the system and make recommendations

for further research.

0
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II. Detailed System Analysis

Theoretical Basis

As stated in the background section of this thesis, the

manner by which the brain processes visual information to

formulate pattern recognition within the brain is very much

unknown. Previous work has shown a fundamental one-to-one

mapping from the retina to the primary visual cortex and a

more complex mapping from the primary visual cortex to the

secondary or association areas. The work of DeMott and

several AFIT theses has shown that processing of input

stimulations occurs locally within the cortical layer and is

then passed on by interconnections for further processing in

subsequent areas. Because of this very localized computation

being performed in the brain, individual areas of the brain

(BCE's) can be monitored to reflect activity of computations

being performed at small points in the map. This allows the

mapping to be determined using a two dimensional array where

the propagation of signals within the array reflects the

computation performed and the interconnection of these BCE's.

This is much easier to monitor than if the computation were

done as a continuous propagation of a signal as it diffuses

over an entire sheet of the cortex. The localized nature of

the BCE's allows the use of electrode arrays to record

activity of each BCE after a visual stimulus. As noted first

by DeMott, and later by Hensley and Denton, large cortical
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1as closely ac; 100 - 200 microns and can be easily multiplcoxed

by the AFIT hardware.

Activity in a single BCE is composed of the firings of

many neurons over a relatively short period of time. if

these signals could be monitored in close proximity o

individual cells , the frequency bandwidth would be several

4 kilohertz. However, since monitoring is done a distance from

the actual nerve endings and capacitively coupled to them,

the net effect is to average the high frequency pulses into a

slowly changing potential which indicates some measure of

activity in each of the BCE's. The relatively low signal

bandwidth of the electroencephalographic signal makes it

( ~ possible for a time division multiplexed signal to be

gene-rated from the 256 electrodes in a 16 x 16 array which is

narrow enough in bandwidth to be transmitted over a FM radio

frequency carrier.

The purpose of this thesis is to test the feasibility of

designing an implantable system which can take the time

division multiplexed signal from the 16 x 16 electrode array

and process it so it can be reconstructed outside the body

while supplying necessary support (power and clocking) to run

4 the array chip.

Problem Analysis

To test the cortex for patterned responses from

predetermined stimuli., and ultimately use the data to track

4 2-2
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over a larce area of the visual cortex. The mioriitoring is

accomplished by a large electrode array which must be able to

simultaneously record signals generated at each location in

the array. The system should be chronically implantable so

that the recording can be done over significantly long

periods of time and without the effect of anesthetic and

antibiotic agents on the response of the visual pathway.

Repetitive evoked responses can reduce random effects of

noise and variance within experi-nenta). procedure to produce

consistent and repeatable responses allowing well founded

inferences to be drawn. When implanted, the unit should in

no way interfere with the normal functioning of the

biological host to insure results are not induced by the

physical presence of the monitoring unit. Finally, the unit

must be capable of monitoring a large area of the visual

cortex, both primary and secondary areas. Monitoring of the

total area would require hundreds of thousands of electrodes

to monitor all the BCE's associated in the first two levels

0 of signal processing within the visual pathway. At this

level the design of a telemetry system reaches a limit to

transmit all the information of each and every BCE. Because

0 of the finite bandwidth of any communications channel built

with currently available low power chips, only a small number

of BCE's can be looked at one particular instant. The array

0 cannot. be physically moved further limiting *Lhe scope of what

can be monitored.

0 2-3



tV abflity to prirce-ss only a finite number of electrode data
C,

sources, a 256 electrode array is a reasonable choice for

implantation with a telemetry link. Other thesis efforts

have produced electrode arrays capable of producing a

multiplexed signal of electrode responses and tests have

shown that devices are implantable and capable of sustained

use in the hostile cerebral environment (see background in

Chapter 1) . At present, a 256 electrode array which is fully

multiplexed has not been totally proven, however the design

of the telemetry and powering links assumes a totally

operational 256 electrode array. The detailed design

presented in this thesis will show the feasibility of

producing a low power large bandwidth telemetry link using

commonly available IC chip sets. This thesis will not

explore the possibilities of custom integrated circuits to

produce necessary telemetry links as has been done by

Stanford University's Kit Chip Project (16:91-98).

Presently, large scale integrated circuits have opened

many possibilities of producing low power circuits to perform

waveshaping, amplification, and control functions required

for an implanted system. Complementary metal oxide

semiconductor (CMOS) devices produce low power control logic

and waveform generation, while low power optimized op amps

produce reliable amplification. High frequency design of

modulators still requires discrete transistor design,

however, possibilities of large scale integrated circuit

2-4
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design. Ultimate design of the modulator depends on the

power consumption of the modulator design. Once an

exceptable outward transmitter is achieved, a receiver

capable of demodulating the FM signal into its PAM

representation will be designed. This design must extract the

information needed to reconstruct the signal at each

electrode. Devices used for the receiver are external to the

host allowing for a relaxed power constraint and a wider

choice of commercially available IC's to perform the

demodulation. Simplicity in both internal and external part-s

of the communication link facilitates ease of construction,

reduction of size, and most importantly, increased

reliability of the entire system. It's within these

constraints that a more detailed analysis of the problem is

undertaken.

System Requirements

Objectives.

1. Provide impedance match of brain electrodes to the
PAM amplifier.

2. Provide amplification of time division multiplexed
signals provided by the electrode array so both voltage
and impedance are acceptable for the modulator.

3. Provide synchronization marks within the PAM signal
to indicate electrode posit-ion with respect to actual
voltage output.

4. Provide necessary clocking for electrode multiplex
sequencing.

4 2-5
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supply.

6. Provide transcutaneous power transfer to rechargable
battery source.

7. Provide a design scalable to thick film circuitry
for chest cavity implantation.

8. Provide long life time and reliability.

9. Provide a reasonably accurate reproduction of PAM
signal (minimum noise) before demultiplexing into
individual electrode signals.

These objectives provide the basic requirements needed

to achieve a long term implantable telemetry link. Conflicts

between objectives lead to compromise of these objectives.

Trade-off areas are power consumption, noise, simplicity, and

signal bandwidth. Within the detailed design these facets of

C. the system are traded off until a nearly optimum system is

produced.

System Overview. The system design from a block

diagram point of view can be readily seen from the block

diagram in figure 2.1. The system is divided into three

functional blocks: (1.) Signal Processing and FM Modulation,

(2.) FM Demodulation, and (3.) Power supply and Support

Circuitry. Composing the signal processing and modulator

segments is an amplifier capable of bringing the low level

brain signals to a usable voltage for the FM modulator. This

signal is then added to a synchronization timing signal which

will allow the determination of which electrode is producing

that particular signal level.
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rin~~lfor a wideband FM modulator. The FM modulator in turn

drives an inductive loop antenna which is inductively coupled

to the demodulator. All of the signal processing and

modlulation is performed within the body cavity and the loop

antenna is placed near the surface of the skin to maximize

transcutaneous signal level. outside of the body, a close

proximity inductive loop antenna picks up the modulated

signal and amplifies it to a level acceptable for the input

to FM demodulating phase locked loop. The demodulated

signal produced by the phase locked loop is then low pass

filtered and amplified to be used as an input to other

devices to dermultiplex the PAM signal. The demodulator is a

separate unit and is in place only when data are collected.

The final functional unit is the power supply and support

circuitry (clocking signals and control for the electrode

array) . This system has both internal and external

components. External components include a medium frequency

crystal controlled oscillator which is power amplified and

matched to a power transmission coil. Power gain is

adjustable to meet requirements of battery charging,

distance, and efficiency. Internal to the body is a

receiving coil completing the inductive couple and power

transfer. The incoming power signal is then rectified and

smoothed to suitably charge an internal power source. Power

transfer and data output will be run at different times to

avoid coupling problems, so a on/off switch is provided to
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The fol lowing sections develop the system requirements

of each one of the blocks in the diagram and present a

simplified method for solving each particular design problem.

Internal Circuitry. Each element of the data signal

processing and FM modulation circuits has unique requirements

placed on them by overall system performance and by

interfacing of individual circuits to one another. Each of

the following sections describes what system requirements

must be met and what requirements are imposed by the design

of that stage or of other stages connected to it.

Data Amplification. The amplification of the

output data stream from the electrode array is constrained by

the source impedance of the electrode, by the gain required

to adequately modulate the FM modulator and by ultimate power

consumption. Input impedance is of particular importance

since a significant amount of voltage can be lost within the

lossy source of brain tissue and impedance of the electrode

(which varies as the biological event takes place) (17:154).

impedance of electrode to brain tissue interface is dependent

on the nature of electric double layer formed when a metal

electrode is placed in contact with an electrolyte solution

such as the cerebral fluid. This layer behaves like a

capacitor shunted by a resistor both of which are frequency

and current density sensitive (17:213) . The resistance

varies from subject to subject and with electrode size and

2-9
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alc, ri'..; th the resi st ivi ty due to the actual tissue makes the

n,:jtrc' imperice equite high in most applications. To avoid

J.stur-ton t rom signal attenuation due to resistive losses

rnd the changes in current density when a low impedance

amplifier is used, very high input impedance amplifiers must

be used to monitor the electrode signal (17:224-233,

240-244). Input impedance of the amplifier must be 10 to 20

times greater than source impedance requiring an input

impedrnce of approximate 500 kilohm or greater. Low bias

currents are required to prevent the movement of electrode

material into the brain due to electrolysis. In addition,

permanent damage to brain tissue can result if current

density becomes too high for long recording periods, due to

strong current paths set up ir, the tissue.

Not only must the amplifier have a high input impedance,

it- must also have a strong immunity from common mode signals

on the reference electrode and the monitored electrode. This

requirement stems from the large amount of low frequency

noise in any environmental set up. Noise sources like AC 60

11z line power, motor s;,ikes, and background switching

circuits cause large amounts of common mode signals to likely

be present at electrode surfaces. Common mode noise sources

can produce signals well in excess of several millivolts,

which is significantly greater than the 20 to 1000 microvolts

si qgna 12 seen at the electrodes. This requires the input
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S,,t ion ratio of 50 db or groatLer to achieve (;ood signal

representation without signif icant common mode interference

(18:684; 19:218).

Frequency response of the amplifier is determined by the

characteristics of the input PAM waveform and the allowable

rise-time deterioration of the waveform due to loss of high

frequency response. Electroencephalographic signals display

a spectrum consisting of primarily low frequencies with an

upper frecuency limit of 25 hertz. No significant spectral

content exists above this 25 hertz limit, making it feasible
S

to take sufficient samoles to reconstruct the waveform.

Nyuist theorem states the minimum sampling rate must be

twice the b=andwidth of the baseband signal (20:298).

Fsample 2W (2.1)

This-; assumes ideal impulsive sampling and an ideal low _ss

filter for reconstruction of the waveform. The actual

.ignal, however, is far from ideal because of nonimpulsive

sa''ling (first order sample and hold), signal distortion at

el'-ctrode interface, band limited communications channel

which causes crosstalk between samples, and he use of

practical low pass filters for signal reconstruction. The

nonid-al nature of the system, suqgests the signal be sampled

at a rate of 3 or 4 times the maximum baseband signal, or in S
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as th< diel ctrJc. Th- sk r is a lossy di ljC ,
rcnoly frequency dependent, and subject to change upon

onvi roniient or emotional changes. To pass signals, a common

cjround between external and internal systems is necessary,

and thi s can only be accomplished through the highly

resit ive '-rev fluid which is not suitable for high quality

t r a n s~ m V ic -

Consequently an inductive couple was then tried.

Because of the hih amount of deviation of the carrier, a low

tuned circu1t -.as needed to avoid detrimental amplitude

modulation distortion of the FM modulated signal.

Eiow.ev ,the low power handling capabilities of the output

steCe of the CMOS phase locked loop couldn't sufficiently

drive a pa-=_Ilel low Q tuned circuit. So, a series tuned

output coup"e was tried where the output center frequency was

the harmonic near 10.7 MHz and component values were

chosen so the impedance at the fundamental frequency was high

to prevent loading of the PLL. This approach increased the

modulation index by number of the harmonic used and because

the output of the phase lock loop is a square wave, there is

sufficient energy in the sidn hands to produce a detectable

amount of signal in a coil placedI near the tuned circuit.

]owever , the tuned circuit rang when driven by the output

stoq',. ;rLu prolucked unusal I e(1na Is for demodulation. Even

if thi, cir:uitry hIs worked , IL efficiency of the system

* n~t b* accr<., ~,b for low power app]icat ions. The use
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Figure 3.1. Phase Lock FIM modulator

I

A commercially available CMOS phase locked loop, CD 4046, was

chosen and design was undertaken to produce a FM modulator

with a 100 to 150 KHz deviation at a frequency of

I

approximately 1 MHz using the voltage controlled portion of

the PILh. The design preceded, but it was found that the

maximum achievable operating frequency was about 750 Khz

with some uncertainty in frequency stability. A phase locked

frequency modulator was then tried but exhibited a very low

modulation index without the divide by N counter in the

feedback loop. Alternatively, the divide by N counter does

help some, but forces operation at a harmonic of the

reference oscillator requiring a very high stability

reference oscillator. Further complicating matters was the

problem of transmission through the skin of the modulated

signal. initially coupling was to be capacitive, however

capacitance required to pass the signal unattenuated,

3-3
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11.- d t ~rcblems that occurred wil1 also be, di(;'ussed

Intrnal Circuitry

Overview. As discussed in Chapter I, the primary

rcquirc-ents that must be faced in the design of the internal

circuitry are low power, achievable bandwidths, simplicity,

and scalability. The purpose of a prototype is to check the

feasibility of such a system. The internal circuitry tends

to stretch the limits of existing integrated circuits.

Achieving large bandwidths at low power is a conflict of

terms, especially in the early development of operationali

ampifiers, pA 709 and pA 741, where power is an easy

sacrifice for high gains. Also low level signals are being

rv:easured, meaning noise must be minimized- another conflict

to low power and large bandwidths. In the following section,

the author will look at the design of the outward link of the

communications system, taking into consideration these

conflicting requirements.

FM Modulator. The FM modulator was the first area of

design because it defines the requirements for both the

amount of gain required and operating frequency of the

demodulator. The first cut at this problem of a low power FM

fodulator was to use a CMOS phase locked loop and to modulate

it while it is locked onto a stable oscillator (see Figure

3.1).

3-2
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III. Comunications Link Design and Breadboarding4

Introduction

This chapter deals with the design, breadbroading, and

initial performance evaluations. The first section deals

with the internal circuitry of the communication link which

includes the amplification of the multiplexed pulse amplitude

modulated signal, the addition of synchronization

information, and the frequency modulation of a radio

frequency carrier. The second section deals with the

external circuitry of the communications link which includes

the front end receiver and amplifier, the FM demodulator, and

the baseband output filters. Each section will present a

description of the design considerations and governing

equations, the processes used to determine a workable

solution, and a description of the actual implemented system.

In addition, each section will describe the breadboarding of

the circuits and the steps taken to realize a workable system

in an environment where radio frequency noise and crosstalk

make designing, at best, difficult. The order of

presentation within each section represents the order used in

the actual design to determine the necessary requirements of

subsystems, while not causing major redesign of the system

when requirements changed or could not be met. By

breadboarding in a systematic fashion, the system performance

was evaluated and the design was revised to improve the

3-1



ii,:)IintLaibic system, tiie total system must be able to be

implanited within the chest cavity of a rhesus monkey. i

Approximate size would have to be a maximum of 6 cm by 6 cm

by 4 cm in size and capable of being affixed to bone so that

movement within the chest area is minimal. The shape must i

have smooth edges and be sealed so saline body fluids do not

penetrate and cause failure in the electronics. Materials

used cannot damage surrounding tissue or cause harmful

substances to enter the blood stream. This thesis will not

perform the actual fabrication of the implantable system, but

design considerations are being done with ultimate

implantation constraints considered. Miniaturization of

circuit designs into thick film circuits of minimal

complexity allows size requirements to be met. As available

tools increase in the future, chips sets performing all

signal processing functions can be placed on site with the

electrode array, improving the data transfer. More

discussion of size and fabrication will be addressed in

Appendix F. j

2
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iechargabl power sources require small size, good power to

weight ratios, relatively stable supply voltages,

biocompatahility (generates no gases or heat) , and must be

capable of many recharge cycles (25:263-264). Within this

system, the power supply must supply 25 mA to the electrode

array at 5 volts and approximately 5 mA for the amplifier, RF

modulator, sync encoder, and clocking oscillator, for a

period of approximately an hour between recharging.

Recharging times should be relatively quick to prevent

discomfort to the animal and reduce the possibility of

equipment damage by the animal. On/Off capabilities must

supply voltage upon command by a simple couple through the

skin. The switch must not change the applied voltage

significantly or interfere with the transmission of the PAM

electrode signal.

Clocking Oscillator and Pin Connections. The

clocking oscillator and pin connections requirement result

from the need to produce the proper conditions for the

electrode array to sequence through each electrode. Clocking

oscillator must be fairly frequency stable stepping through

the array electrodes at a rate of 25 kilohertz. The pin

connections must insure that proper values of high and low

are seen at count-select and sync-in pins to force the array

through the proper sequence. Power supply ground and 5 volts

will be used.
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int erIerence with other devic-,s and keep the system at

optimal performance, the output signal should be a well

filtered sinusoid to keep out harmonics which degrade

performance.

Inductive Couple. The inductive couple provides

an efficient link of energy through unbroken skin.

Conductive tissue surrounds the implanted coil forming a

lossy magnetic shield to RF signals. Fortunately, the

shielding is incomplete and inversely proportional to

frequency (23:259-261). This tends to make the antenna

(coil) more efficient at higher frequencies causing a trade

off in design parameters as discussed in the oscillator

0 section.

To further improve transmission properties, the Q of the

circuit must be kept reasonably high, despite the tissue

losses. To do this, the reactive component of the inductor

or capacitor at resonance must be kept low (approximately 100

ohms) (23:261). Position tolerance of the couple determines

how the coil sizes compare. Greater tolerance to

misalignment of the coils, results in loss of power transfer

efficiency which must be considered in the ultimate design.

Power Source and ON-OFF Switch. The power

source must be a rechargable source capable of delivering

sufficient power to implanted circuitry. To conserve power

and limit the required size of the batteries, an externally
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spectral purity for hiqh st f f ic iericy of powe r t r arist. .

This is so because cop, in- cJ rcui t s are tuned to high )

circuits with very narrow baridwidthf;. Any harmonics produced

outside the narrow bands are lost as heat in the output

circuits and are not available for powering the device.

Frequency of the crystal oscillator is determined by a

trade-off of coil efficiency at high frequencies, c •h of

penetration at low frequencies, and tissue losses at over a

range of frequency (23:259). Since depth of penetration is

an exponential function of distance, measured in wavelengths

from the surface, better coupling can be achieved if low

frequencies are used.

Rules and regulations of operating bands of high power

transmitters further limit acceptable bands for operation of

the transmitter, forcing the use of commercial or amateur

bands. In using any frequency, interference with operating

devices nearby must be evaluated.

Power Amplifier. The power amplifier's

requirements are power amplification, impedance matching,

high spectral purity, and high efficiency of power

generation. Typical trascutaneous telemetric powering

• systems have power transfer efficiencies of 6% to 25%

depending on coil shape and spacing (24:634, 638). Output

power for a usable charging power of 250 milliwatts is in the

• range of 1 to 5 watts. The output power must be transmitted

2-18
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j riforinat ion and siqna I rconstruct ion has not been fully

categorized. Filtering accomplished in the baseband

amplifier extracts the PAM signal from the noisy signal

produced by the phase locked loop. The noise is

characterised by its frequency content at the frequency of

the voltage controlled oscillator and is easily removed. A

low pass filter at a cutoff frequency of 150 KHz will provide

adequate high frequency suppression and good quality signal

extraction. Filtering must not introduce any perceivable

overshoot in the step like PAM signal. Edges must be sharp

and clean and noise should be limited to that generated by

the input amplifier at the electrodes.

Power Supply and Support Circuitry. The power supply

for the telemetry link is composed of a crystal controlled

oscillator, a power amplifier, rechargable power source, and

an on-off switch. Each section of the power supply has

requirements of stability and efficient operation in very

changeable surroundings. Support circuitry includes the

clocking oscillator and sequencing connections. Here the

emphasis is on proper operation of the electrode array. In

that context, the individual requirements of each block in

Figure 2.1 will be described.

Crystal Controlled Oscillator. The crystal

controlled oscillator's requirements stein from the need of a

highly stable reference frequency at which power transfer

2-17



for coupling reduces gain reqjuirement's to around 100. ThI

frequency response must be able to handle incoming RF

frequencies while pr-esenting a small output impedance to the

FM demodulator.

FM Demodulator. The FM demodulator requirements

are to extract the frequency modulated information with the

f minimum amount of distortion to the transmitted waveform.

This requires that the output frequency response bandwidth be

100 KHz. Further, a filter must be used to remove high

frequency noise generated by the demodulation process.

Because loading and voltage supply changes in the modulator

cause shifts in the center frequency, the demodulator must

~ track small changes without retuning of the demodulator. The

demodulator should not be sensitive to amplitude changes of

the incoming signal that might cause a loss of lock or

distortion of the data signal. This is especially important

since mistuning of the tuned coil in the input will cause

amplitude differences at different frequencies resulting in

amplitude modulation at the same frequency as the modulating

signal. Due to the characteristics needed, a phase locked

loop is the logical choice to achieve a tracking demodulator.

Baseband Amplifier. The baseband amplifier

provides two functions to the signal processing of the

*recovered signal; amplification and filtering. The

requirements for amplification cannot be defined since post

2-16



at the centur frequency with a variety of output loadings and

under significant changes in supply voltages. The modulator

must demonstrate good linearity and be monotonic through out

its operating ranje. A possible technique for FM modulation

to produce stable modulation is a crystal referenced low

power phase locked loop where the voltage controlled

oscillator is directly modulated by the input signal.

Another possibility is a simple oscillator design using a

voltage controlled variable capacitor (varactor) as part of

its tuning tank (22:165-167, 96-100). Design criteria for

thn F.,! r-'lator is low power (less than 5 milliwatt),

F, '-city of design (low part count), high frequency

stability, and corpdtibility with simple demodulator design.

External Circuitry. The demodulator requirements are

related to ease and quality of reproduction of th&

transmitted PAM signal. Here design requirements are placed

on all thr-'e s-gments, RF signal amplifier, FM demodulator,

and the basebdnd amplifier. Each unit should be designed

using commonly available integrated circuits and using as

simplistic a design as possible. Discrete electronics are a

last resort for each stage in the design.

PF Amplifier. The RF amplifier must perform

amplification of a low level radio frequency signal to a

level suitable for the FM demodulator. The input to the
6

amplifier must be tuned to eliminate out-of-band noise.
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riust take the PAM signal from the amplifier and use it to

modulate a radio frequency carrier suitable for good FM

broadcasting and simplicity in receiving. For a good quality

signal, a modulation index in excess of 1 is required. The

baseband signal determined in the previous section was

approximately 100 KHz, so a modulation deviation 100 KHz is

the minimal requirement. This thesis will use a deviation of

150 kilohertz to give somewhat better performance. The

modulation index is actually significantly better than 1.5

determined above, since the major contribution to the

spectrum is in the range between one half the sampl:ng rate

and the sampling rate. This is evident when adjacent

electrodes have equal but opposite voltage resulting in a

square wave with a frequency of one half the sampling rate.

At a sampling rate of 25 KHz, the modulation index is 12

which falls well into wide band FM and its associated noise01
improvement over other modulation techniques.

The frequency modulator's center frequency will be

determined by the ease of demodulation. Frequency bands for

biomedical research are 38-41 MHz, 88-100 MHz and 174-216 MHz

with maximum signal strengths of 10, 50, and 150 microvolts

per meter at 15 meters respectively (21:21). These bands are

for higher power telemetry units; lower power telemetry is

open for most other bands so long as power levels at 15

meters are undetectable. Close proximity inductive coupling

co ils reduce the required output power, and simplify
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is given by equation 2.2.

=RC =1/2 'B (2.2)

Substituting in the required period, the bandwidth required

is approximately 100 KHz for good to excel lent reconstruction

of the step edges. Although the analysis appears veryj

4 conservative, other effects like charging of the electrode's

shunt capacitance causes the combination of effects to result

in degradation of a stabilized value within one fifth of a

I period.

Amplification of the signal must be sufficient to

produce maximum deviation of the frequency modulator. This

C amplification must also be sufficient to drive thr load

presented by the input of the modulator. Actual speci-

fications for the modulator cannot be determined until

I actually implemented, but required voltages are in the range

of one volt based on typical varactor specifications. With

full deviation being a 1000 microvolt signal, the gain

I required is approximately 1000. This gain must be relatively

noise free so a signal change of 20 to 50 microvolts between

electrodes can be detected. With this high gain, frequency

I response and slew rate of the amplifier become significant

however, designs should favor frequency limitations over slew

rate limitations.
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electrode. For the 256 electrode array, this produces a 19

to 25 kilohertz sampling rate. At 25 kilohertz the time

period is 40 microsecond between changes of electrode. This

results in the stair case type signal depicted in Figure 2-2.

ONE
TIME PEP/00

i 1 2 J 1 4 1 5 1 6 1 7 1

ELECTRODE

,* Figure 2.2. PAM Signal

Since each step is very much similar to on/off switching of a

DC voltage in a RC circuit, the low pass bandwidth of the

amplifier must be sufficient to produce a steady signal

within about the first fifth of the period between

* electrodes. For most engineering work, a signal has

stabilized in a RC exponential circuit in 5 RC time

constants. Therefore, the baseband amplifier must have a low

pass filter with RC equivalent of 1/25 of the 40 microsecond

electrode period or 1.6 microseconds. From linear systems
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a suitable low power phase locked loop is available that will

run in the 10-20 MHz range, so a higher Q parallel tuned

output stage can use the fundamental frequency. National

Semiconductor has released preliminary information of a CMOS

phase lock loop, MH54HC4046, with a maximum frequency of 20

MHz and would be ideal for this application.

Unable to find a low power voltage controlled oscillator

in a IC package, the design turned to discrete components in

a configuration commonly used in low power applications, a

common base Colpitts oscillator using a varactor to produce

changes in the center frequency (25:208-209; 26:265-273,

331). Common base configuration was used because of high

G *stability and small center frequency variation over changing

supply voltages. Figure 3.2 shows the circuit used in this

design.

in Pi~o C it L V

Cvur __

L

V_

Figure 3.2. Common Base Colpitts Oscillator
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Design was undertaken for an osc illator at 9 MHz so the

150 KHz modulation was 1% to 2% of the center frequency, as

required by the phase locked loop used for the demodulator.

The preliminary design used equations from Haywood's

text.but, due to their complexity, they are not presented

here (26:267) Preliminary designs did not produce the

optimum design when modulation was applied. Changes of

operating point due to changes in the varactor's loading of

the tank caused severe amplitude modulation as frequency was

swept. Nonlinearities in the limiting process, as well as

loading of the tank by the varactor, produced the unwanted

amplitude changes and forced a trial and error approach for a

r stable, clean FM modulator (27:368, 370-371). Using

approximately a 3 microhenry inductor, 6 1/4 turns on a 3 cm

diameter form flat wound, keeps the center frequency

inductive reactance at about 150 ohms to maintain reasonable

Q despite tissue losses. The choice of varactor was made to

produce a 5% change of capacitance when varied in parallel

with the net capacitance in the feedback voltage divider C1

and C2. Using equation 3.1 to solve for the total required

capacitance, we find approximately 100 picofarads needed to

produce a 9 MHz carrier.

F : 1/2 n (LCtotaI) (3.1)

Where

Ctotal (CbCa/Cb+C )+(C C2 /C +C2 )+Cstray
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If the blocking capacitor is kept relatively large, the

capacitance variation of the varactor will almost totally be

the change of the total tuning capacitance. To achieve a 5%

total change of frequency, a change of 5 picofarads at the

varactor's bias point is needed. The choice of the varactor

MV209 satisfies this requirement and keeps the Q of the

circuit high.

Initial trials for proper feedback network used a large

DC blocking capacitor, Cb, and a sizable isolation

resistance, Ris o, to isolate the modulator from a 1 volt p-p

signal with 1 volt DC offset provided by a signal generator.

Low frequency modulation was used, and the waveform at the

collector was monitored for amplitude shifting as the

modulator was swept through frequency. Trial and error

methods then produced a feedback capacitor pair which

generated the least amplitude modulation. Using a sinusoidal

modulating signal the approximate 3 db rolloff point for the

varactor input was found. The combination of adjusting Cb

and R raised the cutoff frequency to approximately 150
iso

KHz. Using a lower frequency square wave modulation signal,

the feedback network was readjusted for minimal amplitude

shift with frequency. The resulting modulator with values

deterrained is shown in Figure A.1 in Appendix A. It should

be noted that the breadboarded design depicted in Figure A.1

has total capacitance considerably less than calculated from

frequency. Stray capacitance in the windings of. the
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wiring forces a design where trial and error are used to

produce optimum results. Likewise the cutoff frequency for

input modulation appears low, however, Miller capacitance

generated across the base to collector junction significantly

adds to the low pass filtering effects of the varactor

network. To provide a good high frequency current ioop for

the output oscillator, 10 to 15 microfarad bypass capacitors

should be placed between the supply lines and ground,

physically close to the modulator.

Before any other design could be accomplished, a plot of

frequency verses applied voltage was taken. This plot is

shown in Figure 3.3. The curve is very nonlinear, espe-

cially in the extremes of the operating range. The most

linear region of the curve will be used as the operating

range of the modulation, determining the DC operating point

and required voltage swing. This defines the gain needed to

produce full modulation for the full scale input of 1

millivolt peak to peak. The most linear region of the graph

is the region between 8.8 MHz and 9.1 MHz requiring a .9 volt

swing centered at 1.3 volts. The present application does

not force the transfer relation to be linear, so long as it

is monotonic and characterizable so an inverse relation for

compensation can be determined, if needed. Absolute voltages

on the surface of the brain are not the measure of

importance, but rather the relative changes between

electrodes normalized over the maximum absolute value.
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Figure 3.3. Modlulator Characteristics
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amplifying the electrode signal to a useable level for [he

modulator must take into account a lot of conflicting

requirements. Requirements of high bandwidth (100 KHz), low

power (under 20 microwatts) , high slew rates, low noise, and

high common mode rejection ratio all contribute to a very

specialized design where many tradeoffs must be made to

fulfill a practical design. The first task was to find a

suitable amplifier to produce the needed amplification.

Amplification of 900 to 1000 is needed to produce full

modulation with the maximum input voltage of 1 millivolt,

forcing the amplifiers to have at least 80 db of isolation

between stages. The amplification should be performed over

no more than 3 to 4 stages to avoid self oscillation from

currents setup in the feedback networks. The minimum

exceptable gain-bandwidth product of a single stage is 600

KHz, but to avoid any significant losses at higher

frequencies, a better figure is 850 KHz. The final

amplification stage must be capable of a slew rate of .9

volts in 1.6 microseconds, one fifth of the time between

electrode samples, or 0.5625 volts per microsecond. This

must be done at low voltages since a maximum of 5 volts is

available between positive and negative supplies and the

amplifiers must remain immune to changes in gain when supply

voltage varies. Two commercially available amplifiers are

capable of such characteristics, the LM 146 programmable

operational amplifier and the LM 158/258/358 family of low
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first stages of the amplifier was made because of lower noise

specifications for the unit ( see Appendix D for data for

particular devices).

To achieve the very high input impedance required for the

monitoring of a high source resistance brain signal, a

differential input is required. Standard inverting or

noninverting amplifiers using simple voltage divider feedback

connections reduce input impedances below the source

impedance. Furthermore, a change in feedback to increase the

input impedance causes a reduction of gain certainty,

effectively reducing the common mode rejection ratio (CMRR)

(19:218). The solution to the problem is the compound

W, differential amplifier known as an instrumentation amplifier.

As seen in Figure 3.4, the amplifier is composed of 2

noninverting amplifiers commonly connected through a floating

ground.

IF

P3 4

+ P+

Figure 3.4. Instrumentation Amplifier

3-11



p io U-4s e- cottorin m e.oue r J L un . Probluill wi h this 3

circuit is that to achieve the highest possible common mode

rejection, the gain of the input amplifiers and of each leg

of the difference amplifier must be exactly equal. Because

of the floating ground arrangement of RI, the common mode

gain of each of the first amplifiers is unity and the

difference arplifier produces the required CMRR for the

system. To provide as equal gains as possible, resistor

values for R2, -3, and R4 must be 1% values.

Design was accomplished so the first set of amplifiers

has a 3 db cutoff point near the required 100 KHz. Some top

end room was left for expandability and rolloff. The gain

for the first stage is given by equation 3.2.

A = (I+2(R2/Rl)) (3.2)

Fairly low resistances were used in the first stage to

improve gain certainty and reduce the effects of resistor

noise in the total noise of the amplifier. A gain of 21 was

chosen for the first stage and was implemented with R1 = 6.8

kilohms and R2 = 68 kilohms. Each amplifier provides a gain

of approximately 10.5. Fcr a bandwidth of 150 KHz, the

required gain-bandwidth product was 1.6 MHz. From the tables

in the data sheets for the LM146 (see Appendix D) , tho

required Iset is 20 microamps at the lowest exceptable

operating voltage of 4 volts. This requires a 68 kilohm
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frequency. Matched sets of resistors with values of R3 = 22

kilohns and R4 180 kilohms achieve the gain of 8 using

equation 3.3.

A = R4/R3 (3.3)

The large bandwidth does not introduce any significant noise

since front end noise is already 20 times greater than any

contribution in the second stage. Finally a third stage (not

shown) completes the amplification using a common inverting

amp with a gain of 5.6. Here no special resistors are needed

and the gain is achieved by an input resistor of 100 kilohms

and a feedback resistor of 560 kilohms.

Breadboarding of the design requires adherence to good

symmetry. Layout of wiring paths and resistor placement

should be equidistant from onboard noise sources like

oscillators and switches. Also differential inputs should be

a twisted pair of wires all the way to the electrode array,

so that any coupled external noise is exactly the same in

each line. This way the common mode rejection of the

amplifier will remove any unwanted noise. Other precautions

are to keep smoothing capacitors on the supply lines

physically near the amplifier to help suppress switching

transients caused by CMOS gate switching. Great care should

be taken to make sure symmetry and matching aie well adhered
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Synchronization Encoder. The synchronization

encoder's design objective is to place a readily

distinguishable mark in the waveform to give the recorder the

knowledge of where in the array each particular voltage came

from. To accomplish this marking, a sync pulse from the

electrode array must be high for only 1 time period when a

single electrode is on. The AFIT electrode array provides

such a signal when the 256th electrode is turned on

signifyi*.ng the end of the count and the return to electrode

#1. The encoded mark must be separable from the samples

taken by the electrodes and not be corrupted by the signal

present on the 256th electrode. To accomplish such a mark, a

simple voltage level greater than any produced by the

electrodes will take the place of the level on the 256th

electrode. A switching network (see Figure 3.5) made of 2

analog switches from a CMOS CD 4066 provides a means of

placing the multiplexed PAM output of the electrode array on

the line when the sync level is low and placing the voltage

marker on the line when the sync level is high. To create a

reference voltage for the marker, a single forwardly biased

IN914 diode was used. This was used to provide a fairly

stable voltage reference while supply varies from 5.5 to 4

volts. Low power is achieved by use of a 82 kilohm biasing

resistor.
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MULTIPLE XED

P.A M AM

SYNC

Vre ~AMP

Figure 3.5. Synchronization Encoder

This approach was used over a Zener diode because of low

I, power and a non critical bias point.

From test results taken on the diode used, a 82 kilohms

bias resistor produces a 0.216 volt reference which varies no

more than four one hundreds of a volt over the projected

supply range and uses a maximum current of 30 microamps. The

reference voltage needs to be approximatetly 0.6 volts to

produce a level significantly larger than that applied by the

electrode signal. A summing amplifier (LM 358) multiples the

references voltage by 3 when selected by the switching

network and the multiplex electrode signal passes through

unmodified when selected. The complete system can be seen in

Figure A.1 in the Appendix A.
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To prevent significant tilting of output waveforms, the

capacitive value -ust be fairly high. DC blocking is

necessary be,,ause signal voltage levels at the sync encoder

network need to be added from the same ground reference

point. Cap-citive coupling between the encoder and FM

modulator is needed to set the DC bias which must be added to

the modulator input to achieve the most linear modulation

point. The required DC bias is produced by a voltage divider

made from a potentiometer connected across the 5 volt supply.

As the supply varies so does the operating point causing

reduction of the linearity of the modulator characteristics.

However, so long as the signal remains reasonably monotonic

the data taken under nonoptimal conditions are usable.

External Circuitry

Overview. The external circuitry of the

communication link is a receiver using integrated circuits to

provide front end amplification, phase locked demodulation,

and baseband filtering and amplification for further

processing. The following sections will describe the

system's designs, and the procedure taken for making a usable

breadbroaded receiver. As in the internal system, the order

of development in this section will be the order in which the

design was undertaken.
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demoodulator was undertaken knowing the design of the internal

modulation system. The first objective when designing the

modulator was to keep the carrier frequency in a range which

could be easily demodulated by a phase locked loop. Changing

supply voltages over the operating period of the modulator

and variable resonance points for different loadings of the

output transmitter coil force the demodulator to track slow

variations of center frequency without degradation of the

received signal. The best solution is the phase locked loop

depicted in Figure 3.6.

PHASE LOOP
DETECTOP F/L

5 iGAL FANAL06

IN V, ,<e.i OUT

VC
d~o Ki'/

VOLTAGE

CONTROLLED
OSCILLA TOP

Where: Go = P1,0s ! Angle of VCO rod)

; =PhAose A rgle of Inpu f Sq trod)

K d  Pho3e Defector Goin (rod/sec

K 0  VCO Go (r0d/sec-V)

Vd ')hose Oefec Or Oufpvt Voltage

V V VCO Con,'ro Vol'0qe

Figure 3.6. PLL Demodulator

The principles of phase locked loops are well known and will

only be generalized here to aid in the understanding of the

design procedure taken (22;28).
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: . has its f oundLtions firmly ie. " (..Iel in
I,

" .'on f l tneory. As depicted in Figure 3.6, the

I : . _- 1 ]o is comi-, osed of a linear phase detector, a

ing net.;ork, and voltage cont-olled oscillator j
. .<a i~c'y is controlled by an external voltage. The

= :. deect:': comoares the phase of the periodic input to

i a'ase or the output of a voltage controlled oscillator

n a D ....... tu t voltage proportional to the phase

dIfferene. This voltage is then lowpass filtered by the

o:0 fi ter tc produce a low frequency control voltage to be

. tohe VCO. The control voltage shifts the operating

.- f e oscillator in the direction which reduces the

p .hase. When the loop is in lock, the changing

ury _ th FM modulated carrier is tracked as the loop

2..:L,§ts tc.rc.ducc a constant phase error. The ability to

., tLire anrc tzack a modulated signal is a function of the

loop filter j, i-s, i. For slowly changing modulation, only a

small amount of infuimation is extracted by the low pass

filter, reuirLing a low bandwidth filter. As frequency of

the modulat ing signal goes up, the information content as

well as the bandwidth of the low pass filtering network goes

up. Filter parameters must be tuned to handle fast

t rns ients, otherwise high frequency components may be

at tenuated or delayed. The overall functional relationship

of the response is a function of the loop gains Kpr the gain

of voltage due to the difference in phase, and K0 , the gain
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Nickel-cadmium batteries provide a reasonable solution

to the rechargable power supply problem. The batteries have

a good power density and the best cycling characteristics of

the available cells. Because the technology has existed

since the middle nineteen sixties, developments well suited

to the implanted system have emerged. Nickel cadmium cells

have been hermetically sealed with any internally created

gases forced to recombine within the cell. Fast charging

cells allow quick turnaround times (at least better than

earlier cells with 12 to 24 hour rates) and do not heat

excessively when over-charged at fast charging rates. Toxic

gas retention and zool operation keep the implanted power

supply compatible with the surrounding tissue.

Radio frequency powering transmitter consideration comes
01

from the need for efficient safe power transfers to the

rechargable cells. The skin and other body tissues present a

very lossy dielectric around the implanted coil and between

the coils forming the inductive couple. Because body tissue

is conductive, a skin effect exists where signal strength

exponentially decays with distance measured in wavelengths of

the RP signal. This means the implanted coil should be as

near to the surface as possible and lower frequencies provide

better penetration. However, implanted coils operate more

efficiently at higher frequencies, making for a tradeoff of

depth of implanted coil versus frequency of operation.

Coil size and shape consideration also play a

significant role in the design of radio frequency power
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Comon name Nickel-cadmium Silver-cadmium Lead-acid Silver-zinc Lithium*
(sealed) Titanium

Disulfide
Electrochemical Nickel-cadmium Silver-cadmium Lead acid Silver zinc Lithiumsystem
Voltage/cell 1.2 1.1 2 1.5-2.1 1.5-1.9
:'egative Cadmium Silver oxide Lead cal- Silver zinc Lithiumelectrode cium/anti-
(anode) mony
Positive Nickel- Cadmium oxide Lead Zinc Titaniumelectrode hydroxide dioxide disulfide
(cathode)

Electrolyte Aqueous solu- PotAssium Celled Potassiumtion of potas- hydroxide solution hydroxide
sium hydroxide of sul-

phuric
acid

Cycle life 300 to 2000 150 to 300 200 to 400 25 to 100 -
Typical 20 mAh to 100 mAh to 30 mAh to 50 mAh to 70-90 mAhJ 9 capacities 10 Ah > 50 Ah 25 Ah > 50 Ah
Energy density
W h/kg 26-35 48-75 17.5-22 88-110 22-26W h/cm 3  

0.079-0.103 0.091-0.165 0.067 0.153-0.195 0.085

Temperature
range:
Storage -40-140OF -85-165OF -40-IO0OF -85-1650 F -Discharge -40-140OF -10-165 0F -76-140OF -10-1650 F -Charge 32-113OF 32-115OF 32-113OF 32-115OF -
Shelf life Fair Fair to good Good Fair to good Good
Cost:
Initial Medium to high High Low High -

*Preliminary spec. for Battery Division, Exxon Ent. Somerville, 4J, U.S.A.

Table 4.1. Secondary Cell Characteristics
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displaying good to excellent voltage stability over most of

the operating range and high energy densities. However,

cyclability, a key to long term implantation, fails with

these cells. Also the high purchase cost and lack of

availability make the silver base cell impractical for

implantable systems. Inexpensive lead-acid batteries look

promising at first, but low energy density and the

possibility of leakage of the very toxic gelled sulfuric acid

into the tissue, remove lead-acid cells from consideration.

2.2

3.0
1 , 

IILVIR-ZINC

1.6

0.4
.0

Figure 4.1. Secondary Cells Discharge P
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To accomplish recharging, a radio frequency transmitter is

employed. The characteristics of the powering link are:

1. High efficiency.

2. Spectrally pure transmission frequency.

3. Transcutaneous power transfer using inductive coils.

4. Capable of delivering 250 milliwatts of power
through the skin.

5. Adjustable charging rates.

The following section will describe the choices considered

for this design and then present the design.

Design Considerations. Designing a suitable power

supply for an implanted system requires the evaluation of

presently available power sources and recharging systems.

Rechargable or secondary type batteries where chosen over

nonrechargable batteries or primary type because of the

inherent advantages for long term implantability and higher

current supply for short periods of time. This does not come

without some difficult disadvantages, such as lower power

densities, unsteady voltage characteristics, and an awkward

charging apparatus. Presently available rechargable cells

include lead-acid, nickel-cadmium, silver-cadmium,

silver-zinc and experimental lithiums whose discharge curves

and characteristics are shown Figure 4.1 and Table 4.1

(31-233, 234). Silver-zinc and silver-cadmium cell5 would

appear to be the optima' choices for telemetry systems,
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IV. Power Supply and Support Circuitry

Introduction

This chapter will describe the design of the power

supply and necessary support circuitry to keep the

transmitter and the electrode array functioning. The two

areas covered are the powering supply for the implanted

system and the clocking oscillator necessary to step the

array through each electrode position. The designs will be

discussed first by what considerations were required to

produce the design and second, what are the details of the

design and how they came about.

Power Supply

Overview. As mentioned in the detailed analysis

section (Chapter II), the powering source has some very rigid

requirements. The power source must be:

1. Rechargable over many cycles.

2. Stable in voltage.

3. Able to supply approximately 35 mA of current at 5
volts.

4. Externally switchable.

5. Operate at rated current for at least 1 hour.

6. Compact

7. Biologically compatible
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help remove parasitic high frequency noise from the ground

connection and give clean outputs of the broadcasted signal.

The complete design is shown in Appendix A.
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depicted in Figure 3.9 (30:169-170).

i~C,(

I

Figure 3.9 2nd Order Butterworth

The filter's cutoff is at 150 KHz and has a dampening

I coefficient of .7071. Using the design equation seen in

equation 3.6 and 3.7 and choosing C2 to be 220 pf, the

required resistance is 3.3 kilohms and Cl is 470 pf (29:235).

p

R = ( Wo)/C 2  (3.6)

C1 = (1/ C )2 /C2  (3.7)

The filter demonstrates good stability and linear phase

throughout the baseband causing no distortion in the

waveform. The final.output is clean with only a slight high

frequency component due to ground fluctuations. In

breadboarding, 10 microfarad capacitors were placed from the

positive and negative supply lines to ground in close
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large amounts of high frequency noise superimposed on the

desired output waveform causing the necessity of several

additional levels of low pass filtering.

RF AMP

5 1T, ' R S 200PFrP 10~ON LM 733

4 5.

FM 3.K

SIGNALt" 22

1OK

Figure 3.8 RF Amplifier

The filter arrangement incorporates 3 levels of active

filtering using a low voltage quad operational amplifier,

LM 324. The first stage of amplification provides a gain of

only 2 and low pass filtering at 500 KHz due to the limited

frequency response of the op amp. High frequency noise still

corrupts the signal because the amplifier's feedback network

allows some high frequency to pass through. The second stage

of the baseband filtering is an unity gain amplifier

producing filtering action due to its limited frequency

response. This removes more of the high frequency noise but

some is still detectable.
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decoupling from the power supply was accomplished using a low

pass filter of a 22 ohm resistor and a .33 microfarad

capacitor taken to ground on both the plus and minus

supplies. This significantly helps the problem but

additional smoothing capacitors of 10 microfarad between

ground and each supply line had to be used to eliminate the

interference to controllable levels. Even with elaborate

decoupling techniques, long signal lines are sufficient

antennae to couple in significant voltage. Keeping the

signal path of the amplified RF input to the PLL short,

greatly improves tracking and distortion levels. Maximum

distance between internal transmitter coil and an external

receiver coil is limited not by the received signal level but

rather the amount of noise generated by the voltage

controlled oscillator of the demodulator. If a larger

separation distance of the coils is required, simple

cascading of 2 or more LM 733s will provide sufficient gain

to amplify a signal into the 100 microvolt plus region. The

complete RF amplifier is shown in Figure 3.8.

Baseband Amplifier and Filtering. The baseband

amplifier and filters provide high frequency noise removal

from the analog signal output of the phase locked loop.

Because of the high bandwidth required for good reproduction

of the staircase-like electrode signal, it is necessary to

use a low value of capacitance for the lowpass filter in the
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is 1.0 cm aw.ay frcm the iodu :i LoL co i, a gain of 5 is

sufficient to produce reliable results.

The design of the input coils and tuned circuits are

consistent with the objective of reduced losses by keeping

the inductive reactance at resonance relatively low.

However, because the coil is totally surrounded by air, and

eddy current losses in the tissue only occur at close

spacings, the Q of this tuned circuit is relatively high. To

avoid non linear distortion of the modulated signal over the

signal bandwidth of approximately 500 KHz, a low Q circuit is

necessary to prevent frequency dependent amplitude

attenuation away from the center frequency. An unloaded Q of

the circuit should be approximately 20 to allow operation at

a distance greater than 1 or 2 inches where coupling is weak

and there is little loading of the tuned circuit. To achieve

such a Q, the input impedance is effectively formed by the

input biasing resistors to ground of the LM 733. To produce

an unloaded Q of 20, the required resistance in parallel with

the tuned circuit is about 3000 ohms so the bias resistors

should be 1500 ohms apiece. To tune the coupling coil, a

capacitance of approximately 150 pf is required. A 200 pf

variable capacitor provides sufficient range for tuning of

optimum center frequency as the center frequency shifts with

loading.

Breadboarding of the design once again demonstrated

difficulties due to high frequency coupling to the voltage
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internal resistance of the unit was high, making the cutoff

frequency fairly low for a small output capacitance to V-. A

470 picofarad capacitor from pin 14 to V- provides some low

pass filtering but the 9 MlIz carrier frequency dominates the

signal, requiring additional low pass filtering. This will

be discussed further in the baseband amplifier section of

this chapter.

RF Amplifier. The radio frequency amplifier which

precedes the demodulator circuitry, provides amplification of

the modulated carrier to a level where the widest possible

locking range is achieved. From the chart in the data sheets

of NE 564 (Appendix D) , it can be seen that the lock range

C , begins to fall off at the 100 millivolt range. Because the s
coil spacing will vary depending on application and

positioning of the receiver coil, a variable gain front end

is required. The higher frequency requirements of a 9 MHz

carrier and the need for high, stable gain leads to the

choice of the LM 733 video amplifier to provide initial

amplification. The gain of a single differential output can

be varied from 5 to 100 by varying a simple external resistor

in the feedback loop of the amplifier (see figure 3.8). The

LM 733 amplifier is rated at higher gains, however the use of

only one of the differential outputs and an operating voltage

less than that used for the specifications cause total

available gain to be reduced by a factor of 4. With typical
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Also to achieve good modulation, the 10 kilohm potentiometer

must be adjusted so the gain is sufficient to provide

tracking and dampening of the loop is such that the square

wave response has no ringing (see Appendix C for the

adjustment procedure). Also the choice of a 560 ohm pull up

the resistor for the TTL output of the VCO was to eliminate

amplitude modulation effects seen when the VCO was swept

between frequencies. Amplitude differences bled into the

demodulated signal causing distortion. Another problem in

breadboarding results from the recovery of the modulated

signal at the analog output. The DC extractor circuit of the
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KEEz bandwidth requires a maximum capacitance of 1000

picofarad for signal reconstruction and tracking. A some-

what smaller capacitors will provide better lock range at the

expense of extra noise in the received signal. This simple

low pass filter is sufficient for the needs of this

application. However, if a bursty or ramp frequency

modulation is used, a second order lead lag filter will

provide additional control over dampening rates and natural

frequency responses of the system. Using the 1000 pf

capacitor produced good results but required a high bias

current (variable gain control on pin 2) to achieve good

results from the demodulator. A complete circuit diagram is

shown in Figure 3.7.

4 Breadboarding the design proved to difficult because of

the high frequency and high current of the device. Power

supply decoupling was a necessity because high current

transients caused by the VCO's 3 volt p-p signal into a 560

ohm load interfered with the input signal and the reference

ground of the loop filter. This decoupling was accomplished

with a low pass filter composed of a 47 ohm resistor and a

.33 microfarad capacitor attached to V- (reference ground for

the phase lock loop) in the supply line to the PLL.
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wide a cdpture and lock range the PLL will have.

PLL Design. The choice of phase lock loop was

determined by availability and performance. A Signitics NE

564 phase lock looD was chosen for this application because

of its high operating frequency characteristics. Low loop

gains did prove to be a hindrance in design and will be

4addressed here and in Chapter V. Referring to the data sheet

(see Appendix D) , the capacitance (C) , in farads, required

for a given center frequency (Fo), in hertz, is given by

equation 3.4.

C = 1/2500 F0 (3.4)

For 9 MHz, approximately 44 picofarads is required and is

implemented with a 10 picofarad capacitor in parallel to a

variable 5 - 60 picofarad capacitor.

Implementation of the loop filter is done by capacitors

at pins 4 and 5 to ground, with two poles in the loop given

by equation 3.5.

w = I/RC (3.5)

where

R = 1.3 kilohms (internal)

The low pass filtering performed by the capacitors should be

sufficiently wide to encompass the highest modulating
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transmitters. Because the coils are air wound and separated,

magnetic lines of force are not as ideally coupled as in iron

core transformers. This nonideal coupling forces

consideration of distance tolerances, and misalignment

tolerances in the design of the coils. These problems in the

design are treated in depth in the literature (32:612-627;

33:634-640; 34:177-186; 35:177-183) . The key points to

4 design are good impedance matching of the load, optimal coil

spacing, relative diameters of transmitting and receiving

coils, and frequency of operation. Due to the tuned nature

of the designs, high Q circuits and good spectral purity

makes for more efficient designs.

Powering System and On/Off Switch. In reviewing the

( ~ literature, a radio frequency powering system design~i by Dr.

Dean C. Jeutter of Marquette University, showed direct

applicability to the design problem presented in this thesis

4 (36:314-318) . In order to keep design times reasonable and

produce a functional system within the time of this thesis

work, Dr. JeutLter's design was used. Some modifications were

necessary to produce a working design, however, the

transmitter was reproducible and produced excellent results.

The modified system shown in Figure 4.2 and Figure 4.3,

represents a very -lose adherence to the design in the

literature.
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Figure 4.3. Internal Power Supply

The following paragraphs will give a generalized overview of

the operation of the system and the modifications required to

get the breadboarded version to operate. For more detail

than is presented here, the interested reader should read the

paper presented by Dr. Jeutter in the IEEE Transactions of

Biomedical Engineering, 5 May 1982.

The system used in this application closely follows the

block diagram presented in Chapter II for the requirements

for the RF powering system. In the front end of the

transmitter is a 3.58 MHz crystal controlled Pierce

oscillator made using a 2N2222 transistor. This produces a

stable sinusoidal oscillation for further power amplification
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and filtering. The signal is then power amplified in a 3

stage amplifier section. The 2N2222 buffering stage performs

a linear class A amplification of the oscillator output and

performs the needed impedance transformation to drive the

2N3053 driver stage. The driver stage performs the first

significant level of power amplification. The driver also

operates linear class A and has an adjustable gain by varying

the amount of DC emitter bias current. The 24 microhenry

tuned primary of the coupling transformer between the driver

and the power amplifier performs filtering and the 5 turn

secondary provides impedance matching to the output

amplifier. The power amplifier stage is a high efficiency

class C amplifier using a MRF 433 power transistor. The

e ~power amplifier drives a tuned T section output stage which

provides filtering to a 3.58 MHz sinusoid and impedance

transformation from 55 ohms to 50 ohms to allow the use of 50

ohm cabling to connect coupling coils to the unit. The

output of the T section is then series tuned with the primary

of the transcutaneous coupling transformer to provide maximum

power transfer. The supply voltage for the power amplifier

is on-off switchable using a 2N3053 transistor as a

transistor switch. This allows power conservation when

charging is not required and prevents running the unit at a

mismatch when Positioning the coils. A 33 volt, 10 watt

zener diode prevents destruction of the power amplifier

transistor when impedance mismatches cause large standing

wave ratios in the output section.
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The internal section of the powering device is composed

of the receiving coil, a full wave rectifier, battery back,

and an on-off switch. The receiving coil is a 9 microhenry

parallel tuned coil, center tapped to be used as part of a

full wave rectifier. A 0.01 microfarad capacitor provides

smoothing of the charging voltage from the full wave

rectifier. A steering diode and a limiting resistor provide

suitable conditions for four series connected General

Electric KO1X113AA-50-3 Ni-Cd 1.2 volt cells. A low rurrent

resistor network allows monitoring of changing voltage to

know when the fully charged condition occurs (maximum V* cr

voltage). This can be used to provide feedback through the

biotelemetry link to know when the unit is fully cl-arged,

however, this is not implemented in the present design.

Magnetic reed switches provide external switchability by the

use of close proximity magnets at the skin surface above the

reed switch. Two 30 uf capacitors provide supply smoothing

and create high frequency current paths through the power

supply lines needed for the radio frequency oscillator.

Breadboarding Dr. Jeutter's design required some minor

changes in the circuit. The Pierce oscillator as originally

configured produced oscillations that went rail to rail

causing the 2N2222 buffer stage to be over driven producing a

square wave output. To attenuate the oscillation enough to

operate the buffer linearly, the 220 pf capacitor from the

collector to ground was increased to 3000 pf. Instability in

the driver stage at high gains forced a change in the bias
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point of the base of 2N3053 driver. Here a 1k ohm resistor

was substituted for the 680 ohm resistor to ground. In the

receiver unit, the tuning capacitor was changed from 220 pf

to 150 pf for better tuning at 3.58 MHz. No other changes of

the design were required, however, details of the coils used

as transformers were unspecified. After personal

conversations with Dr. Jeutter, the coils and transformers

were made to the following specifications:

RF Chokes

Size Type Core Turns Wire Gauge

100 H High Q FT 50-67 67 30
100 H Low Q FT 50-43 13 22
10 H Iron core, molded

Coils and Transformers

Size Type Core Turns Wire Gauge
12.2 H High Q FT 50-67 24 22
11.7 H High Q FT 50-67 23 22
24.0 H High Q FT 50-67 Primary-33 22

Secondary-5 22
1:1 High Q FT 50-67 20 28-Bifilar

Breadboarding was accomplished on a single-sided copper clad

perf board with land pattern made by cutting away the copper

in narrow strips around the patterns. Areas unused for land

pattern formed a suitable ground plane.

Clocking Oscillator

The clocking cscillator provides the necessary clocking

signals to sequence through each electrode. To do this, the

oscillator must be implant compatible, NMOS electrode array
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compatible, low power, and easily reduced to a small package.

Within these constraints, the circuit should show good*

stability over varying power supply voltages and be

simplistic for high reliability. The choice of oscillators

turned to CMOS designs to provide NMOS compatibility and low

power operation. Because the modulator design also requires

an inverter to generate an encoded sync pulse, available CMOS

inverters were used to design the square wave oscillator (see

Figure 4.4) (37:AN88-3).

2R 
R 

o

Figure 4.4. Square Wave Oscillator

To make a working oscillator, it is necessary to keep the

feedback capacitor fairly small because the output stage of

the inverter cannot drive large capacitive loads. Using a

220 pf capacitor and R = 85 kilohms the circuit oscillates at

25 KHz. An adjustable resistor in place of R provides

tunability to the desired sampling rate. A complete design
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can be seen in Appendix A. In breadboarding the oscillator

care must be taken to keep the oscillator far away from the

amplifier section and smoothing capacitors must be used on

the power supply lines near to the inverter chip. This is

needed because the high switching speed of the CMOS devices

caused noise spikes on both the power supply lines and in the

inputs of the differential instrumentation amplifier,

especially as capacitive loading increases. Also to prevent

change of oscillation point due to capacitive loading of the

output, an inverter should be used as a buffer. if

additional power is needed to drive a large capacitive load,

several inverters can be used in parallel in the output

stage.
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V. Circuit Evaluation

Introduction

This chapter descri-bes the testing and evaluation of the

breadboarded designs presented in Chapter III and IV. An

evaluation will be made whether a system can be built to

fulfill the necessary requirements of transmitting through

the skin sufficient data to reconstruct the signal of each

electrode in the array. Tradeoffs will be discussed as well

as their effect on system performance. Finally, system

peiformance with respect to final thick film hybrid will be

discussed, pointing out changes needed.

FM Modulator and Demodulator

Test Set Up. To test the operation of the telemetry

link, it is necessary, in part, to create a situation similar

to the electrode array in the brain environment. Because at

the time of this writing an operational version of a fully

multiplexed electrode array was not available, the prototype

couldn't be tested with a simulated brain signal. To see if

the device worked in the range of voltages expected to be

seen on the electrode array, an experimental set up was

necessary to demonstrate low voltage operation. Available

test equipment would only create voltage waveforms at a

minimum of 3 to 5 mV so a voltage divider network was

necessary to produce accurate working voltages on the order

of 20 to 50 microvolts. Source impedance for an electrode

can range from 1 kilohm to 20 kilohms, so a 10 kilohm source
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impedance Rs was chosen to demonstrate a typical brain

electrode. A simple voltage divider using a 10 kilohm

resistor as an output and a 620 kilohm resistor as the upper

leg reduces the voltage by 63 times, and two 10 kilohm

resistors provide the source resistance equivalent to what is

produced by an electrode. Figure 5.1 shows the details of

the test setup. To monitor the amplified signals an

oscilloscope probe was connected to the output of the LM 146

front end amplification stage. Another probe was attached to

the output oc the baseband amplifier of the phase lock loop

demodulator. These test points give a good indication of the

sent and received signals making for an easy comparison

PAM Amplification. Testing of the PAM amplifier

seeks to provide a characterization of the signal with

respect to noise, distortion, and accurate reproduction of

the input PAM staircase signal. First to test the noise in

the front amplifier and source resistances, the amplifier was

attached to the voltage divider network through 10 kilohm

source resistances. With no voltages applied, the network's

noise voltage was measured at the output of the PAM amplifier

and is snown in Figure 5.2. Since the noise voltage at the

input is 950 times less than the displayed value of 4 mV peak

to peak, the input noise voltage is approximately 4.5

microvolts. Using a battery applied across the divider

network, input noise voltage increased to 7 microvolts before

clipping of the output reduced the noise.
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Vert. = 5 mV/div. Horiz. = 50 ps/div.

Figure 5.2. PAM Amplifier Noise with
No Input

Clipping of the output occurred because the DC bias produced

by the battery, generated a large voltage across the output

resistor of the voltage divider which over drives the op amp.

Calculating the expected input noise voltage from a input

noise voltage of 35 nanovolts per square root of hertz for

Iset equals 20 microamps, taken from the the table in the

data sheets for the LM 146 in Appendix D, and a bandwidth of

150 KHz produces an expected input noise of 13 microvolts.

It is expected that the amplifier equivalent noise to be in

the range of 10 to 20 microvolts, when an actual signal is

applied.
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The next step in determining the noise is to apply an

actual signal. First the ground lead of a signal generator

was attached to the ground of the voltage divider and the

output noise recorded (see Figure 5.3). The equivalent

average noise voltage at the source is about 46 microvolts.

This figure is very high and does not reflect the actual

noise in the circuit. External noise from the switching

power supply in the signal generator (approximately 22 KHz

from Figure 5.3) , noise from operating devices in the room,

and noise generated in the connecting cables adds to the

noise generated by the input amplifiers.

akadA A 1kLL JLI

Vert. = 20 mV/div. Horiz. = 50 ps/div.

Figure 5.3. PAM Amplifier Noise with
Ground Lead Connection
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Using other signal generators gave little improvement, so

subsequent measurement and comparison are corrupted by the

high amount noise generated in the signal generator and the

noise picked up in the connections of the generator to the

input. Adjusting the gain of the signal generator for a 45

microvolt square wave, produced the output waveform shown in

Figure 5.4. Square wave test inputs of 12.5 KHz were used to

demonstrate resolution between the voltages forming the steps

in the PAM signal which was multiplexed at 25 KHz. Riding

the square wave is 45 microvolts of noise from the

generator, and as it shows in the figure, there is a fairly

high magnitude sinusoid within that noise likely coming from

the generator.

LJ- 7, mr W1E-

Vert. : 20 mV/div. Horiz. = 20 ps/div.

Figure 5.4. PAM Amplifier Output for
a 45 pV Square Wave
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Actual noise in amplification will depend on noise created by

the source impedance of the brain, in interfaces between the

electrodes and the brain, and the noise in the amplifier

itself. From data taken here and calculations made, it's

expected that the total noise will be about 10 to 20

microvolts peak to peak allowing a 20 microvolt resolution

with good certainty. This will provide adequate resolution

for the determination of voltages between electrodes which

are commonly between 100 and 200 microvolts.

Rise times and slew rates were also experimentally

determined to see if optimum performance could be achieved

over various input ranges. At low voltages, rise time due to

limited frequency response is the limiting factor on how soon

the voltage of the step is stablized and available to be

read. A 10% to 90% rise time for a low input voltage signal

was measured to be 4 microseconds or one tenth of the

electrode period and a 1% to 99% rise time was measured to be

7 microseconds or one fifth of the electrode period. This is

consistent with the calculated values given in Chapter II.

Slew rate limitations apply at higher voltages. To

determine the slew rates of the amplifier, a 3 mV input

signal is applied, forcing the amplifier to switch between

saturated states of the op amps. The maximum slew rate is

measured by calculating the slope of the rising and falling

ramps between states. The results of this calculation are

summarized in the following table.
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Amp Stage Edge Slew Rate

LM 146J Up 650 mV/Ps

LM 146J Down 650 mV/Ps

LM 358 Up 260 mV/Ps

LM 358 Down(l) 115 mV/Ps

LM 358 Down(2) 250 mV/ps

It was noticed that the output stage of the LM 358 which

feeds the FM modulator has some very non-linear

characteristics. The down sloping slew rate changes about

three quarters of the way down. At first a slew rate of 115

mV/us takes place followed by a slew rate of 250 mV/us. The

slow slew rate degrades the quality of the transmitted signal

tIo by being slower than is needed to produce a stable signal in

one fifth of an electrode period . Another characteristic of

the LM 358 is overshoot as the voltage approaches one fifth

* of the supply voltage and causes additional signal

degradation as the input signal approaches the 1000 microvolt

level. The LM 146J has no slew rate degradation within the

operating range of the input signal while the LM 358 degrades

at an input level of about 800 microvolts for the down

sloping output signal. The choice of LM 358 as the output

stage should be reconsidered for subsequent design,

especially if output levels to the modulator exceeds 1 volt

peak to peak.

* Common mode rejection measurement for the unit were

taken to see if common potentials on the brain can be
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eliminated from the output. The test setup used both a zero

source impedance and a 10 kilohm source impedance. In both

tests the input signal was taken as a 50 mV peak to peak

sinewave, centered around ground, and then each differential

irliput, through their respective source impedances, was

connected to the signal generator. For source impedance of

zero ohms, the common mode rejection ratio varied from 73 db

4 at 500 Hz to 52 db at 100 kHz and showed slow change until

higher frequencies. Using a source impedance of 10 kilohms,

the common mode rejection ratio was 67 db at 500 Hz and 50 db

at 100 kHz, once again showing slow change until higher

frequencies. Due to most of the stray common mode energy

being at 60 Hz due to local power lines, common mode

rejection for the amplifier is more than sufficient.

Improvement in common mode rejection can be made by adhering

to stricter tolerances of the resistor values in the

differencing amplifier and fine tuning the actual resistor

values once the circuit is implemented.

Encoder and Summing Amplifier. The sync encoder and

summing amplifier provided adequate synchronization marks to

the PAM multiplexed signal. The synchronization mark

produced is a negative pulse of about 0.6 volt below the bias

voltage at the input of the modulator. The maximum voltage

expected due to the electrode is 0.5 volts given a 0.1 volt

margin in determining the sync mark. This is more than

adequate because noise levels are at 0.02 volts. When the

5-9



supply voltage is varied between 5.7 and 4 volts the sync

pulse's amplitude shows no appreciable change. The analog

switches used to generate the sync pulse generates high speed

overshoot transients at the edges of the sync pulse but

quickly dampen out. Simulated sync pulse operation shows

that an adequate sync can be produced, however it is unknown

if the system used to demultiplex can extract the

information.

Modulation-Demodulation Testing. Testing of the FM

modulator and demodulator was done on a qualitative rather

than quantitative basis. Because the signal being input by

the voltage divider is corrupted by noise from the signal

generator, a visual method of evaluation of the FM

modulator/demodulator link is in order. By looking at the

collector voltage of the 2N2222A transistor using a 1oX

probe, the actual output of the transmitting coil can be

4 seen. When the oscillator was allowed to free-run with no

signal applied, it oscillated at 8.95 MHz with a variance of

+ or - 100 Hz. As Figure 5.5 shows, the frequency is

modulated by a detectable amount when a 800 microvolt square

wave is applied to the input of the PAM amplifier. Also

notice that some amplitude modulation does occur as the

frequency is shifted, causing some distortion in the

transmitted signal. From the picture the difference between

the two frequencies is about 200 KHz and in good agreement

with predicted values. The input to the FM modulator has

5-10
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suitable bandwidth since no significant change in the

modulation waveforms occur until the 100 KHz cutoff frequency

of the PAM amplifier is reached and earlier testing during

design stage rated the FM modulator input at about 150 KHz

before 3 db attenuation occurred.

L

IIt

Vert. = 1 V/div. Horiz. = 0.05 ps/div.

Figure 5.5 FM Modulation At Collector

Higher maximum modulation frequencies can be achieved,

however reduction of the feedback capacitance, isolation

resistor and the Miller capacitance at the collector are

needed and makes for a much more difficult design.

Since the transmitting coil will be surrounded by

conducting tissue, it was necessary to test the modulator
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coil in a saline bath much like the human body would present.

A 6% saline solution, much higher than actual body fluid

salinity, was used and produced good results. A slight

decrease in center frequency was observed as well as a

reduction of the peak to peak collector voltage. The

resulting detuning of the transmitter coil by the lossy

surrounding fluid did not reduce the gain to a point where

the oscillator would not run within the input operating

range. A slight decrease in oscillator stability was

noticed, but changes where gradual and easily tracked out by

the PLL as a DC voltage. The design appears to be stable in

harsh body environments.

The signal reconstruction capabilities of the FM

~ modulator/demodulator are easily shown by the a direct

comparison of input and detected output signals of the

system. Antenna coupling for the testing of the link was

with a 1 inch coil spacing and a human hand as a surrounding

tissue. Once the demodulator system is adjusted as described

in Appendix C, the signal at the output of the PAM amplifier

and at the output of the demodulated baseband amplifier are

compared for accuracy. To more fully see the similarities

and differences, the two traces are normalized to the same

scale on the screen and shown on the following figures (top

is transmitted, bottom is received) . The 45 microvolt, 12.5

KHz input signal demonstrates the ability to resolve even the

most cluttered signal with a reasonable probability, and a

finite difference between electrodes (45 jjV) can be detected.
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Since the noise is primarily in the signal generator, a more

realistic noise is between 2/3 to 1/3 of what is depicted in

the photograph. At those levels, 20 microvolts will be

resolvable. The 150 microvolt input signal shows the typical

step size between adjacent electrodes and is easily

resolvable by any post detection system. The 400 microvolt

signal shows a typical maximum deviation between adjacent

electrodes. Large voltage changes do not cause significant

overshoot at these levels.

t,... +m..-AMn

Vert. unca. Horiz. 20 p1s/div.

Figure 5.6. Modulation Input and Detected
Signal for 45 pV Signal
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Figure 5.7. Modulation Input and Detected
Signal for 150 pV Signal
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Vert. uncal. Horiz. = 50 us/div.

Figure 5.9. Modulation Input and Detected
Signal for 1000 uV Signal

The final photograph shows a 1000 microvolt input signal

and the non-linear distortion appearing due to the LM 358 op

amp. Overshoot is beginning to become significant, and the

output is being driven to its maximum slew rate on its

downward excursions. This problem should be addressed in a

subsequent redesign before a scaled down version is

implemented. All of the tests were taken with a 12.5 KHz

square wave reflecting a worst'case 25 KHz sampling rate.

Figures 5.6 through 5.9 show excellent reconstruction of the

waveform at the receiver with only minor signal blurring at

low input voltage due to the demodulator's voltage controlled

oscillator signal bleeding into the ground and output.

Higher sampling frequencies can be accommodated, however the
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time available for picking off a stablized sample value would

be reduced.

The last side by side compdrison of the modulator input

voltage to an output voltage is given by Figure 5.10. This

shows a linear triangle function of 12.5 KHz at 800

microvolts peak to peak and the received shape on the bottom.

The distorted waveform received shows the non-linearity of

the varactor circuit used to produce frequency modulation.

Comparing the shape to the predicted response taken by

applying DC bias as in Figure 3.3, shows good agreement.

Characteristics of the modulator are exceptable since the

transfer function is both predictable and monotonic.

Vert. uncal. Horiz. = 20 us/div

Figure 5.10. Modulator Input and Detected Signal
for a 800 uV Triangular Signal
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The modulator apparatus was then run using various

supply voltages to determine the range of the system. Using

a variable power supply, the supply voltages were varied and

the effect on the circuit monitored. The PAM amplifier was

the most dominate in the failure to work at certain supply

levels. When the supply voltage reached about 3.8 volts the

PAM amplifier discontinued operation. At levels above this

point the system operated but quality of the detected signal

had degraded. Large input signals had the most noticeable

change because of more significant overshoot in the LM 358,

loss of frequency response of the op amps, change of

modulator bias point, and the reduction of the center

frequency. The modulator continued to work through out a /

to 6 volt range, however loss of percent deviation, reduction

of center frequency and the loss of stability occurred at

lower voltages. Although the system is not optimum

throughout the entire operating range of 4 to 6 volts, the

modulator did perform adequately and the demodulator was able

to track the changes in the system.

RF Powering Testing

The radio frequency pcwering circuits was tested for the

capacity to operate in various operating conditions,

,roducinq reliable and predictable results. Although

calibration curves are not presented here, a description of

how to generate such a curve once an actual implantation is

madne will be described. Testing the powering unit involved
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checking frequency stabilily, output purity, and the ability

to supply desired charging currents. After adjusting the

powering unit as specified in Appendix C, the following

charac~eristics were obtained with a 1.5 cm air spacing.

1. Oscillator frequency 3.578950 MHz, + or - 10 Hz

2. Charging current from .1 mA to 150 mA before self
oscillation.

3. Power input and charging current peak at distance
orginally tuned.

4. 40mA charging current occurs at power supply current
at draw of 120 mA.

5. Design is reasonably misalignment tolerant with
losses at 15 to 20 % at 1 cm off axis.

6. Output waveform of the transmitter is sinusoidal and
of excellent spectral purity.

Characteristics of the RF powering unit show high sensitivity to

powering levels used when initial tuning is done. For optimum

,r, ormance and efficiency, the unit should be tuned at power

>,vels to be used during recharging. Output impedance and

oAing are highly critical of power levels. High power

instability of the driver and output stage (gain potentiometer

or-:ater than 3/4) was noticed and attributable to several

1wurcfoS. The beginning of high power instability correspondes to

I,, point where the collector of the power transistor begins

I spud by tei , 33 volt zerer protection d-iode. This forms

. r or rt th from trI co lector of the power t ri nsi stor

,s , Lnput of rth driver u.nit through the ground plane arid the

- : :-u rsis*-or creatinr; a pos;it ve feedback path. Another
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Future Research Areas. The design of this thesis

only allows for outward communication of data collected on

the brain. To more fully understand the functioning of the

brain mapping, a way must be developed to stimulate

individual BCE's at will and be able to notice its effects in

other areas of the brain. This inward communication system

has been proposed, and a feasibility study undertaken by Lin

(39:365-366). Parameters which must be controlled externally

are: stimulation voltage, frequency of stimulation, pulse

width, and whether a particular electrode is on or off. The

system could possibly use a small microprocessor to control

the sequencing and UART to decode the digital information

stream sent by the inward communication link. A simple

single electrode stimulator system using an UART and control

logic has been developed dit Marquette University by Murawski

and Jeutter (40:608-611) . Such a system would give the

capability of a 2 chip total system where data is written to

the brain and then the results monitored in another area of

the brain. As well as helping to determine a mapping of the

visual cortex, the system may allow the generation of visual

patterns on the brain for those who have lost their sight due

to damage of the visual pathway.
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consumption, and since the unit operates at a relatively low

frequency of 25 KHz, the dynamic power would be significantly

less than the NMOS implementation.

CMOs circuitry also possesses some very useful

advantages is design. Current NMOS implementation has

limitations of how large of a positive voltage can be passed

through a turned on pass transistor without turning it off.

This could prove to be a limitation if the array is used as a

neural stimulator as described in the next section. CMOs

integrated circuits use complimentary gates in parallel for

pass transistors which improves on channel resistance and

provides a symmetric and full range of allowable input

voltages.

The most notable feature of CMOs devices is that a

( ~ simple CMOs inverter can be used as a high gain amplifier

when a bias resistor is placed from output to input

(37:AN88-1-3) . This design allows them to be treated like an

g op amp with maximum voltage gains of 40 db and gain-bandwidth

products of 10 MHz at the 5 volt supply range. Gains of 10

to 20 at the columns of the array could provide enough gain

to get the signal out of the noise on the chip, and then

wideband amplification could be used on the fully multiplexed

signal without the fear of adding significant noise to the

signal. By using this method, much larger arrays could be

produced.
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than slew rate of the LM 358. Also to be considered in

redesign is the FM modulator used for the system. The

present system modulates a 9 MHz carrier by 150 KHz or a 2%

deviation. For any modulator this is a very large amount of

modulation with a non-linear device such as a varactor diode.

At a frequency greater than 50 MHz, the deviation of 150 KHz

is about 0.4% or less making for a much better linear

approximation of the tuning curve. This would also require a

redesign of the demodulator to a stable heterodyning front

end and a PLL decoder for the frequency translated signal. A

high frequency PLL such as Exar XR-520, Signetics NE 560,

561, 562 or individual subsystems made by Motorola and

others, allow for better linearity, better signal to noise

ratios, and more flexibility in design than the Signetics NE

S ' 564 used here. Once these changes to the design are

implemented, the design should be laid out as a miniaturized

thick film hybrid as described in Appendix F.

Redesign of Electrode Array. It is recommended that

the design of the electrode be changed, if possible, to

reduce power requirements, improve signal transfer, and

provide on board amplification. The present design of the

AFIT electrode array is implemented in NMOS with PLA's and

pass transistors used to multiplex the signals. The PLA's

generates substantial static resistive loading and consumes

large amounts of current (20 - 25 mA). The use of CMOS in

the design would significantly reduce static power
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4. System simplicity allows scalability of breadboarded
design to a small hybrid implantable system (Appendix
F).

C 5. Trade-offs of gain, power, bandwidth, and noise
within integrated circuit voltage amplifiers limits the
multiplexing of unamplified brain signals to level
somewhat higher than 256. Thi~s makes proposed arrays of
thousands of electrodes unfeasible at this time.

6. The probable size of power supply, amplifier and
telemetry requires, chest cavity implantation with wires

to the electrode array run under the skin.

7. Common mode rejection is sufficient to remove
background common mode signals at 5 millivolt levels.

Recommendations

In the progression of this thesis effort, many

recommendations came to view which are needed to fully

develop a high quality electroencephalogram - telemetry link

for large electrode arrays. The areas of recommendation

C include: redesign for this prototype to a scaled implantable

system, redesign of future electrode arrays and future

systems using implantable electrode arrays and communications

links.

Redesign of FM Telemetry System. To improve the

dynamic characteristics of the telemetry link some circuit

design changes should be undertaken. First the summing

amplifier, modulation driver stage using the LM 358 should be

* eliminated and the summing amplifier for sync generation

incorporated with the last gain stage of the LM 146J. This

will reduce power requirements and give the FM modulator a

signal limited by frequency response of the amplifier rather
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monitoring equipment does not effect the responses, it is

possible to increase the understanding of the perception

process.

Effective monitoring of a large number of BCE's in the

visual cortex requires a long term implantable system where

the presence of the system does not evoke unnatural changes

in the data collected. Long term implantation will remove

the effects of transient localized trauma, infection,

anesthetic and antibiotic drugs, and biological rejection.

Consistent and accurate data collected in this way, are

required to develop a good model of the actual transformation
0

occurring between the primary and secondary visual cortex.

The system developed by this thesis shows that it is

feasible to build a system using commonly available

integrated circuits which can transcutaneously couple out the

data produced from a 256 electrode array. From the results

of the bread boarded prototype of the system, the following

conclusions are drawn:

1. High bandwidth (100 KHz) and low power (18 milli-
watt) implantable electroencephalographic communication

0 channels can be made but at the expense of increased
noise (10 - 20 microvolts) and associated loss of signal
voltage resolvability.

2. Signal to noise limitations of telemetry system are
due to the front end (PAM) amplification of low level

* brain signals rather than by the FM communications link.

3. Single frequency RF powering of rechargable cells
provides a suitable power source for high current (35
mA), short usage (less than 2 hours) systems, and adds

• the capability for long term implantability.
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r.
VI. Conclusions and Recommendations

Introduction

An investigation into the past research and the

underlying theory involved in the visual information

processing system was conducted. That investigation produced

the need for an implantable system which can transcutaneously

transmit data from the implanted electrode array and receive

external power from a signal frequency source. To test the

feasibility of such a system, a design was developed and

tested. This chapter contains the conclusion and

recommendations resulting from the investigation of a system

suitable to transmit the electrode array data transcu-

taneously.

Conclusions

Testability of the hypothesis of Fourier type

transformation by the mammalian visual system for pattern

recognition requires the monitoring of large number of BCE's

in the visual pathway. Evidence has shown that due to the

lack of lateral information transfer in the primary visual

cortex, spatial pattern recognition does not occur there. A

complex interconnection of points in the primary visual

cortex to many points in the secondary or association area

imply that the first level of visual information processing

occurs here. By exploring the nature of the interconnection

between primary and association areas,in an environment where

6-1
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fidelity to reproduce the PAM and Sync information outside the

brain cavity without any breaks in the skin. From the

* breadboarded prototype, definite conclusions on the ability to

form a reliable long term telemetry link can be drawn.

Scalability, a key to the realization of an implantable system is

covered in Appendix F.
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Vert. =2 v/div. Horiz. 10 pis/div.

Figure 5.12. Electrode Array Clocking oscillator

Variations of frequency over applied voltage range of 5.7 to 4

volts were + or - 600 hertz.

The fast rise times of the inverters cause some problems

with power supply noise and coupling noise from the oscillator to

amplifier input lines. Large capacitive loads further degrade

the system with switching noise. Fairly large storage

(smoothing) capacitors should be used near the oscillator and the

oscillator, should be placed so short lines connect it to the

electrode array. If additional driving current is needed, the

output buffer inverter can be ganged in parallel to produce

sufficient drive currents.

The design proven in this thesis shows that a low power

transmitter and rechargable unit can be made with sufficient
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demodulator's ground. Battery pack performance should be

suitable for routine data taking over a several year period.

him~niui , I

I ' Vert. = 50 V/div. Horiz = 0.1 ps/div.

Figure 5.11 RF Transmitter Coil Voltage

Clocking Oscillator Testing

The clocking oscillator testing involved the adjustability

of oscillator frequency and the ability to produce a stable

accurate clock compatible with NMOS circuitry. The oscillator is

easily tuned by adjusting the variable 50 kilohm resistor

depicted in Figure A.5 in appendix A, producing a range from 18

KHz to 27 Khz with extended ranges possible. Once set at 25 KHz,

the oscillator varied no more than 100 Hz and provided excellent

crisp edges, see Figure 5.12.
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possible source of self oscillation is the coupling due to

leakage currents bleeding off the square edged land patterns

defining circuit paths. At a 40 mA charging current, measured at

*the Ni-Cd cells, the voltage measured at the series tuning

capacitor of the output stage shows a peak to peak voltage of 140

* volts (see Figure 5.11). The waveform is an excellent sinusoid

with very little distortion. At 40 mA, batteries are charged to

full charge in 3 hours and stabilize at 5.7 volts. For

additional characteristics of the power supply see Dr. Jeutter's

paper (36:314-321).

Testing the battery pack involved running the system at an

equivalent load. First the system was run using the PAM

amplifier and FM modulator. The unit was started by magnet

~j switching of the reed switches through tissue simulated by a

human hand and the unit immediately began to transmit. Current

* drawn for the amplifier and the FM modulator was 3.2 milliamps in

both the positive and negative supplies with an insignificant

current flow through ground. Then the batteries were recharged

and a 250 ohm resistor was used to represent the 20 mA draw of

*the electrode array. The unit was run for 2 hours with no

significant degradation of performance. A peculiarity in the

system was noticed when running, in that the grounds of the two

* systems (modulator and demodulator) must be coupled to prevent

the detection and output of large impulsive switch spikes from

near by equipment. Coupling needed only be weak (highly

* resistive) and can be accomplished through a common ground using

tissue for the implant's ground and a skin electrode as the
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B. Equipment List

1. Hewlet Packard, Clip On DC Milliameter Model 4288

2. Hewlet Packard, Electronic Counter Model 5246L

3. Hewlet Packard, Triple Output Power Supply O-6V-
2.5A/0 +or- 20V-.5A Model 6236B

4. John Fluke Manufacturing, Digital Multimeter Model 8100B

5. Tektronics, Oscilloscope Model AN/USM-425(V)-I

6. Wave-Tek, 20 MHz AM/FM/PM Generator Model 148

BI
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C. Adutmn Procedures

FM Demodulator Adjustment

1. Before applying power remove PLL NE-564 from its socket,

then connect power supply and power up the demodulator board

2. Turn on the FM modulator unit and place the receiver ioop

in position alignned with transmitter coil. Using an

4 oscilloscope, monitor the output, pin 7, of the video

amplifier, LM 733, while tuning the variable capacitor in

parallel with the receiving coil. Adjust for maximum peak to

peak voltage. Then adjust gain resistor for output level of

150 my.

3. Turn off FM modulator unit, and demodulator unit.

Replace PLL chip NE 564 in socket. Turn on power to

demodulator only.

4. Using a frequency counter, monitor the frequency of the

a voltage controlled oscillator at pin 3 of the PLL chip.

Adjust variable frequency set capacitor for an 8.5 MHz

reading. This should be slightly lower than expected

frequency of modulator due to loading of oscillator by the

probe, but exact frequency is not critical. Remove frequency

monitoring equipment.

5. Turn on FM modulator unit. Using an oscilloscope, watch

the signal output at the end of the baseband filtering stage.

Slowly adjust the frequency set capacitor of the phase lock

loop until a signal locks at the output. Slowly adjust

through the lock condition noticing the signal quality
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through out the locked range. Set the tuning capacitor to

the best lock condition. This may not be sufficient to hold

lock over entire waveform.

6. To achieve a more complete lock and the cleanest

waveform, the bias current at pin 2 must be adjusted. Wh'Ie

watching the output of the baseband amplifier slowly vary the

potentiometer until complete lock occurs. Because the bias

current changes center frequency, step 5 should be repeated

as the bias current is adjusted. Once complete locking

occurs, continue adjusting until the stepped response has

clean edges and overshoot has been minimized. Care should be

taken to repeat step 5 throughout the procedure to insure

good center frequency positioning.

7. The next step is to readjust the front end receiver. The

variable capacitor in parallel to the receiving coil should

be slowly tuned to produce the cleanest waveform. Small

changes can produce large changes so care must be exerised in

changing frequency. Mildly retune as in steps 5 and 6 to

produce optimum system configuration.

RF Powering Adjustments

1. Making sure that powering section is off and the plug-in

powering coil is disconnected, connect the power supply to

the unit.

2. Adjust the driver's tank tuning capacitor for a

mid-adjustment. Adjust each of the two 600 pf variable

capacitors to three quarters of full capacitance position.

C-2
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Finally adjust the variable one kilohm gain potentiometer so

it is two thirds to three quarters of full value.

3. Connect a lox probe from an oscilloscope to the 50 ohm

output resistor. Also place a DC current meter clamp on the

DIP loop in the collector of the power amplifier.

4. Turn on the power amplifier stage and monitor the current

and voltage at each of the points desribed above. slowly

adjust the driver tuning capacitor until max current at the

collector and maximum output voltage at the 50 ohm resistance

is seen.

5. Adjust tuning capacitor in the T section impendance

transformation network until max current at the collector and

max voltage dt the 50 ohm resistor are seen. Repeat step 4,

then this step again.

6. Turn off power to power amplifier and attach the power

transmission coil to the unit. Place the coil in the proper

orientation for operation with implanted unit. Remove

oscilloscope probe from 50 ohm resistor and place on

insultated cable of the transmission coil. Power level in

the cable are significant enough to be capacitively coupled

to the scope probe and can be used as a good indication of

power level without loading circuit.

0 7. Turn on power to the power amplifier. While monitoring

both current at the collector and voltage in the transmission

coil adjust the series tuning capacitor in the output stage

for max current and voltage. once again repeat steps 4 and 5

while monitoring the voltage in the transmission coil and
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then readjust the series tunting capacitor. Repeat until no

- further gains can be achieved.

(8. Compare current draw to expected value determined by

tests made on the circuit before implantation for a

particular battery charging cu rrent. If a change is

desired, adjust the one kilohm gain control until appropriate

current is seen and readjust tuning capacitors as in Steps 4,

5, and 7 until optimum performance is achieved.

9. If coil is used constantly in the same orientation, no

further adjustments are needed for future charging of the

batteries.
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D. Data Sheets

This appendix presents the data sheets of the devices

used in the design of the prototype communications link. The

purpose of their placement in this thesis is for a quick

reference of the properties of the devices chosen. The data

sheets also supply necessary design equations and information

used to develop the link. This information will provide the

ability to specify other integrated circuits and active

devices to take the place of the ones used if the devices are

unavailable.
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coNaLional Operational Amplifiers/Buffers
Semiconductor

-AAJ K LM158/LM2581LM358, LMA158AILM258AILM358A, LM2904
CS2 Low Power Dual Operational Amplifiers
e General Description

-:: The LM158 series consists of two indeoendent, high 2 Allows d~rectly sensing near GND and VO0 T also
00 gain, internally frequency compensated operational am. goes to GNO

U) plifiers which were designed specifically to operate from
COC) a single power supply over a wide range of voltages. 11 Compatible with all forms of logic

Opration from split power supplies is also possible and
S.J the low power supply current drain is independent of the In Power drain suitable for battery operition

-j magnitude of the power supply voltage. a Pin-out same as LM1558/LM1458 dual operatonai

Lr O Application areas include transducer amplifiers, dc gain amlfe4 ~(NJ blocks and al! the conventional op amp circuits whicn
now can be more easily implemented in single power Features
supply systems. For example, the LM158 series can be No Internally frequency compensated for unity gain
directly operated off of the standard +-5 V0 c pwe r Lagdcvlgeailo ssupply voltage wich is used in digital systems and will LreiCvlaegi 0 a
easily provide the required interface electronics without 4 Wide banidwidth (unity gain) I MAir
requiring the additional ±1 5 VDC power supplies, itemperature compensated)

Uniue harcteistcs Wide power suppiy range
4 Unq eC aa trsisSinyle supply 3 

Voc tc 30Voc
2 In the linear mode the input common-mode voltage or dual supplies t 1 5 Voc to !15 Voc

range includes ground and the output voltage Can also 8 Very low supply current drain lSO0uA) - essentiaily
swing to ground, even though operated from only a independent of supply voltage 01 mW/op amp at
single power SLpply voltage. +5 VocI

aThe unity gain cross frequency is temperature U Low input biasing current 45 nAoC
compensated. ltemt!rature compensated)

a The input bias current is also temperature 0 Low input offset voltage 2 mVpC
compensated, and offset current 5 nAoC

Advantr#~ae a Input common-mode voltage range includes ground
0 Differential input voltage range equal to the power

a Eliminates need for dual supplies supply voltage

0 Two internally compensated op amps in a single a Large output voltage 0 VCIC to V*- 1 5 VDC
package swing

* Connection Diagrams (Top Views) Schematic Diagram (Each Amplifier)
Metal Con Pakage

ouml a IOutPUT S

N A 4 .ICI'iE e 10 1 CI

Order Number LMISOAH, LM158H, LM258AH,
LM2S8H, LM358AH o~r LM3S8H R

See NS Package H08C

55W01 INUTA YE

A

INPUT a INVINsTriI iNPUT 0

se NnE44RY1PTiE
01PUT e

Order Num..beir LM35RAN, LM358N or LM2904N
See NS Package N088
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Typical Performance Characteristics
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Typical Performance Characteristics (Continued) (LM2902 only)
0U')
T
=  

qd, Input Current Voltage Gain

Siti. .

al I 0 II g5 o0

V* -UPPLY VOLTAGE IVC) V* -SUIY VOLTAGE IV

LO 4

- Application Hints
The LM158 series are op amps wh;ch operate with only distortion. Where the load is directly coupled, as in dc
a single power supply voltage, have true-differential applications, there is no crossover distortion.
inputs, and remain in the linear mode with an input

common-mode voltage ot 0 Voc. These amplifiers Capacitive loads which are applied directly to the output
operate over a wide range of power supply voltage with of the amplifier reduce the loop stability mhrgin. Vaiues
little change in performance characteristics. At 25'C

a oof 50 pF can be accommodated using the worst-case non.
minimum inverting unity gain connection. Large closed loop gains

supply voltage of 2.3 Voc. or resistive isolation should be used if la.ger load

capacitance must be driven by the amplifier.
Precautions should be taken to insure that the power
supply for the integrated ciicuit never becomes reversed The bias network of the LM158 establishes a drain
in polarity or that the unit is not inadvertently installed current which is independent of the magnitudeaof the
backwards in a test socket as an unlimited current surge power supply voltage over the range of from j Voc to
through the resulting forward diode within the IC could 30 VDC.
cause fusing of the internal conductors and result in a
destroyed unit.

Output short circuits either to ground or to the positive
power supply should be of short time duration. Units

Large differential input voltages can be easily accom- can be destroyed, not. as a result of the short circuit
modated and, as input differential voltage protection current causing metal fusing, but rather due to the large
diodes are not needed, no large input currents result increase in IC chip dissipation which will cause eventual
from large differential input voltages. The differential failure due to excessive function temperatures. Putting
input voltage may be larger than V' without damaging direct short-circu-ts on more than one amplfier at a time
the device. Protecton should be provided to prevent the will increase the total IC power dissipation to destructive
input voltages from going negat.ve more than -0.3 Voc levels, if not properly protected with external dissipation
(at 25"C). An input clamp dicde with a resistor to the limiting resistors in series with the output leads of the
IC inpot terminal can be used. amplifiers. The larger value of output source current

which is available at 2 5*C provides a larger output cur.
To reduce the power supply current drain. the amplifiers rent capability at elevated temperatures (see typical
have a class A output stage for small signal levels which performance characteristics) than a standard IC op amp.
converts to class B in a large signal mode. This allows the
amplifiers to both source and sink large output currents. The circuits presented in the section on typical applica-
Therefore both NPN and PNP external current boost tons emphasize operation on only a single power suoply

voltage. If complementary power supplies are available,
the oasic amplifiers. The output voltage needs to raise all of the standard op imp circuits cin be used. I i
approximately I diodn drop above grounid to bias the goneral, introducinq a pseudo-ground a bias votage

on-chgenerala Pnroucn arn,%o puotron oupu curren sinking
on-chipverical PNP transitor tor OUtpUt current snv.ng reference of V'/2) will ahow operation above and below
applhcatons, this value i single power supply Systems. Many applhc,.

ton circuits are shown which take advantag of the wide

For ac applications, where the load is capactively input common-mode voltage range which includes
coupled to the output of the ampifier, a resistor ,hould ground. In most cases, inpJt biasing is not required and

be used. from the output of the amplifier to giound to input voltages which rangir to ground cas easily be
increase tire class A bias current and prevent crossover accommodatcd
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National Operational Amplifiers/Buffers
Semiconductor

- LM146/LM246/LM346 Programmable Quad Operationalell

g Amplifiers
General Description Features (ISET' l0jA)

- The L& '46 series of quad op amps consists of four * Programmable eiectrical characteristics
Sm c pcndent, high gain, internally compensated, low 0 Battery-powered operation

power, programmable amplifiers. Two external resistors 8 Low supply current 350 MA amplifier
(RSETV allow the user to program the gain bandw dth
product, slew rate. supply current, input bias current. a Guaranteed gain bandwidth product 0.8 MHz mn

input offset current and input noise. For example, the U Large DC voltage gain 120 dB
user can trade-off supply current for bandwidth or U Low noise voltage 28 nV.'V-z
optimize noise figure for a given source resistance. In a * Wide power supply range 1:1.5V to ±22V
similar way, other amplifer characteristics car be * Class AB output stage-no crossuver d;stortion
tailored to the application. Except for the two program.

ring pins at the end of the package, the LM746 pin-out

is the same as the LM 124 and L 14e. i Input bias currents are temperature compensated

Connection Diagrams (Dual-In.Line Packages, Top Views)

PROGRAMMING EQUATIONS

is Total Supply Current - 1.4 mA IISET/1
0 

,A)

Gain Bandwidth Product 1 MHz ISET/10 MA)
* ii~Slew Rte - 04VIs IISET,10 uAl

V. ainput Bits Currant '. 5O nA 0SET
110 

MA)
lZISE T - Current into pin 8, pin 9 lite itcternetico

diagram)

i I V - V - - 0.6V
' # tOISET*

I a. L l'S caT Curn nopnB€i aeshmtc

Orer Number LM146J. LM246J or LM346J
See NS Package J16A

Order Number LM246N or LM346N

Sele NS Packae N I6A

Schematic Diagram

t|ET all

v * v

as 5(y pity l

t 'ii a

v I')

3-194
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Absolute Maximum Ratings (Note 1)

LM146 LM246 LM346

SupTp , Voltage -+22V ±1BV ±18V

D,ffefental Input Voltage (Note 1) ±30V ±30V ±30V
CM input Voitage (Note 11 t-15V t5V ±15V
Power Ds ,pat,on INote 21 900 mW 500 mW' 500 mW

C,..t),t Shott C rcuit Duration (Note 3) Indefinite Indefinite Indefinite
Cperatng Temperature Range -55'C to +1 25°C -25'C to +85°C VIC to +70'C
"aIx rim Junction Temperature 150C 1 0"C 100°C

Storage Temperature Range -65C to +1500 C -65C to +150C -65°C to +150C
.eaj Temperature ISoldcering, 10 seconds) 300'C 300*C 300C

Tp-i ,na
i
l Re stance 

1jA). (Note 21

Caui DIP (DiIJ) Pd 900 mW 900 mW 900 W
OIA 90 C/M 90'CAV 90 C/w

%lorded DIP (N) Pd 500 mW

IA 140CM

DC Electrical Characteristics (Vs 15V. ISET - 10 pA, Note 4)

1 LM146 I LM246/LM346
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS

I'set VoIltge VCj - CV. R5 S 50 Q, TA " 25°C 0 5 5 0 6

'qout Offet Curent VCy - 0V TA - 25°C 202 100 nA

,nDu B as Cul'el VCm D 0V, TA - 25'C 50 100 50 250 nA

.,Cue'tl14 OP A os, TA. 25'C 14 20 14 2.5 MA

'geS rvc", IJe G
'-
r RL -1 kQ. -I.V OT- T±tOV 100 t00 50 1000 V/mV

TA - 2 C

Z- 7 TA . 25'C !135 ±145 14 V

v q aR .t ' r" Rat o RS  10 l. TA - 25'C 80 100 70 10 0 dB8

,.e , , ecr on RS , I' f' , TA- 25'C 80 100 74 100 dB

!rVc'raie S. 'g RL>- iO kP., TA - 25"C 12 t14 ±12 t14 V

S' C 'C' I C 'Ie't TA- 25'C 5 20 35 5 20 35 mA

Cj",.,dh PdUct I TA- 25'C C8 12 05 1 2 MHz

6',ase Mag"n TA - 25'C C0 60 Deg

S a. Rate TA - 25'C 0 4 04 V/pjs

''wt Nose Vo'tage f-kit, TA 25'C 28 28 nVlrv

C'an.e Sepvat'on P L - r0 lP IVOUT - 0V to 120 120 dB

:12V TA- 25C 
dB

jr,0t Rej,stacCe TA - 25' C 1 0 I0 Mt

r Ca c tance TA - 25'C "2?0 F

roiiJ"er Vn.'age VCMt - V, IRS5 0~ UO05 6 0,6 5 T5 mV

'10"4Jset C,rrent VCM -OV 2 25 2 100 nA

'D.,1H PR-a Curreet VCM i 0V 50 10 50 250 rA

'u; Cu,t I4 OA,rns) I5 2 0 1 5 2.5 mA

-. 'e S IVo',lag Ga.' RL 1 Okf. 3VCUT" :1OV 50 Q003 25 10o VtmV

'aT CY Rarq , .1t5 !4 1t35 t4 V

A ,or Rat'o PS < 50 .1 70 !00 70 O0 dB

c' ,I)oi Reecion Ri 50Q 76 '00 74 100 dB

\'t V ',, S.Irg H L 10 kQt 12 -14 '12 !14 V

3-195
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g DC Electrical Characteristics (\IS '1V IvSET 1 A

PARAMETER CONDITIONSMI Y :MA MN TP ML UIS

Il;:)t Offsel VCI!Ji-e VCt~j - 3VR 5005 05  7 m

TA -25'C

Inu isC~,I VC.j - V, T A 25'C 7.5 20 1 175 10 n

Su.pply Cu try',! (4 Op ITA '25'C 140 250 '140 300 jAj

-~DC Electrical Characteristics WVS I5V, 'SET = 10pA)

PARAMETER CONDITIONS W,__I__N _____ MAX__ MIN 6/M34 UNITS
MIN TY [MA TYP MAX

np..I Off'rn '!o'!jqe - - 0Y, Hs _ 50 2,. 0.5 5 I 10 5 7 m V
TA -2 5C

'put CY Rjcge TA- 25'C -07 0O 7 V

CM Rejecton Ratio IRS 50 2. TA -25'C 80 1 '80 d8

OTrut Voltage Ssirrg FL 10 kP. TA - 25'C t O6 *O.6 V

Not- 1: For supply voltages less than ! 1V, the absolute maximun rr iput voltage i equal to the supply voltage
Note 2. The ma' ,run Dower dittiflation for tl ese deuices mu-t be cierated at elevated temperatures and it dicited by TINiAX, alA, and the-
Ja'b e-t tenmperet.,r, TA. The -rnW1 auIdaole power dorpiton at any temperature 's Pold ITIPSAX - TA I~rqA or I, a 2

5 
C Py AX eanCh-

Note 3 Any of the Ompi el r ,toutk ca, be shortpd :o ground indefintitely; hoever, more than one should not be Iliultarheoutly snurted as the
nrasmum lunc! on roemptrature 11 1- be ad

Not. 4: These spec .~on, apply over the dtasoute naurnum operating tempaeratrratnge unless otherwise noted.

Typical Performance Characteristics
Open Loop Voltage Gain ets

Input Bias Current i 'SET Supply Current vs ISET ISET

.-I- -. n.k.--

.-.- ,40

.-- - -4 8

-V -o~ -* I 20 *tv

3 1 1D 0 100 10 10 to tO 1. 0 00

'SE 1,A) IsET 1.0) ISTg 1.0

Gain Bandwidth Product vs
Slow Rate vi ISET ISET Phase Margin 11% SET

T...........

-1lo 50 .-. . . . . . .

Vs 15,r ~ (I- .
14 O~ 1

Ta, s 25 Co TA 25 t..

at 1r 10 10 ItO 100 10 14

gS~y 1.,,'I , Isft1.1 gy 1O'



L r CT I:( I I

H," e 0 , R A

d.cap- '~N, CL 0 2 -Pr

.~ C..C,,Anca Ip,..CaI or 1CC 300 40101~
F4 30 VoJC 1 0 M11, I

C C o .Cpziclance . Fg,,* of M-1, CR. C~ract-Lnoa Ra.o
VR 3 0 VA~, I 1 0 MIHz V 3 0 VdcC3

pF 1 50 NIH, I *1 0 MH2
(Note 3 ___ No;. r 41

DaMin Non-, Ms. M'n Min Ms.

N4 v'6 9 25 G29 32 25()b065

f I... SC 1, 2011

- ~ ~ ~ ~ ~ ~ 2 2 2 1 2 I . a 2!. 0 -Uj 8 -10 .4 22 R 120 .1C4

VA P[O(RSE VO0LACE NO~LS IA APABlENI TEUPIOAAURE 02, I

D NOTES ON TESTING AND SPECIFICATIONS

I. LSi ,orr-,,.,ed or. a pckaqc hra. n; a short Insteaid of a do' us-O
arn rnrimw ,ce bridge (Boonton Radro Model 250A R A Mere I

2 s r,.-.So'd on a paC61,,qe without a dce. Uboig a Caclldnce

'oq,(it, f- Eecrorocs M ife! 5A or euIO-sient)

C, 1
_______3 (1 is ,rI, lo by lakoq the G amnd C read-nq, of an ad,1arce

bi-, c as Bo- nror P lel-ronot Modey 33AS8 ar the

- ~ ~ ~ ~ ~ ~ ~ ~ ~ n "e -1' ec --- .-.----- tlcu I Illm nd tolrtr"rIlg In t1 Io-Ie.g eqali-

IL 4 Cp tnp faI, ol C1  nraso,I N ar 3 0 Vdc 0ddd b, C,
,rleosell1al 25 Vdc

hAMOTOROLA Semico>ndu~ctor Prodcucts Inc .----
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, "- d ;c MV209:r;<,, Semiconductors Ad__

i- BOX 201i2 PH,'.NIX AI: O14A 8503

vvc H-
VOLTAGE VARIABLE
CAPACITANCE DIODE

SILICON EPICAPA DIODE 26-32 pF

oesigned for VHF TV tunrg. AFC, general frequency control

and tuning applcatons, pro ding sold state rerabf,ty in replace-
ment of mechanical tuning methods.

s Hgh 0 Wth Guaranteed Mminium Values at VHF Fre(ruencsip

* Controlled and Uniform Tuning Ratio

* Guaranteed Machng
! 1  

Tolerance From Diode to Curie wild
GC up to Group

* Supplied in One Piece. UniblocA Pzckage for Hip Rpiahlryp

".err c",, yOe All .n a e or glo~ p en be betfltd 00 - *i -i.nr1

no 13 o 0.1 OF rr"ce i ,. err ng '* *rn ,e 'c

-A
P

;4~~~ ~ ~ ~ A il', ~ 0vot
I -A

-~4 S ¥ l O Value Unr?, '2( ATr' It __r"

e.enWl Vcia,.ae,: JO you, p. i,, L

2o dCrltI 00 mA I

Po- P~n**u. T4 25CC PC) so .0

Ueargjoaae 5 2 8 ,,t, 
0p Pu .t

.- Irn rernnrernre j *125 u - I C)

,rJrrr r rennuetatcut Renq - tri f I6 o t o1c - a - -
SECT A0A

N

411 d3UN . I 01110iroF cAPACITA:ICE I STYLE2

liii 1 2l I ANODE

S-:a... .. . .-. r.r--r--- -r-i- r- :-S M- N MA4-4

I i '1. I J45 I8SC 0!l I L
)IN ,iA I 'A , VA.I I'

F -- . . 7.-b..,- -- a 2 -- -
c I tIs- -

.................... I " nV T, , 2T,,sL_
'rn-f,- n

caSE i202

II
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CD4069UB Types
ri,,rkT , , ,Thi~oNo il - - ______________._-__________ *¢____

I -......- .

. ..........-..... ., ,

....... '--r- ,v -- L..OP(I;v,,,,1 4.g~ , " , :-
- ;- 

.. -
. ... ........ .. . ... '.

. ..... a }, il , k ll 1 CI : I;!; ''''"' 7' ?::

N . cQ K I ll I-ll lii"ii, I

F'8 . 7 - rypica rransurion time vs. load Fig 13 - Typical dynamic poiwwr dissipatiOn Fig. 14- Variation of normalred propagaion

capec fice. i. frequency. delay i'me (rPH
L 

and tpLH) with

supply voltage.

. v °vVo

000Vt T IN, ¥0O

v." voPol 1wt~ OTEORv

Fi . 15 - Ouietcen r devie current mres circugit. Fig. 16 - Now= immunity lost circ:uit. Fig 17 - input/leakage cu"rt~ cast1 circ:uit.

• o APPL(CATIONC

?0 

Ill CD4ll

t0r 000Cl~l 0 I 03 033

'00

-m

..... T-CA t ) ,r. .. :' 'x " , -.il t 1li! Oimllnlion1,~~i C0 4 l0 urfo 0439

,. I -4 % 40.

I! * 013 -Vt - .0oz 3,n *n rnhllein "0,c.3. l n ir

01 "'A DO0 APLC 01 SEE,4

Soo . , , . . . o 0,__ .trv fo leb~¢i .......... d¢hd

OJ~paO . . .. . . % 0 t...........6.3

Fig.T D Oynamic eloctmcsil che-r-s rolfis toot circuit a-cd Fag iefr - rypi clrtal ocI aotor circuit,
1/3 C04043

0 L...4i;ll 3l~ rely I -h-.rlp~l I~l¢lOt~

FOR T PICAL OD.PO03E3
,43.fs &K .0inu C r ,ncoimC.ao
ICE 0100. CAtiC)I1 NOTE IC.303-34 3 QLr .ei*r

Fig. 20 - erigh Tpo ipedance amplifier. f-i43

~ .~F i g 2 ? T y p i c a l R C o c i l l t r i r c i t .1 J -

-l~ '30,...( ,.i ~iem

4, W Dimensions and pad lalynout for C04069M A-

.,.** D-- -- ----- -- Odme
.

- nrion in arintheses a, in mill ters and.r
0 .1 -2F~'oi.~' derived fronm tie basic inch Onoonsiont as ndicalsi.

,.oe.i .. l.", Grid siadoa lion, are in iri1, (10- inch)
- ~Oo ~ ~ ~ 03 3 O* Or"40 3 003 rod 0-@1,,-

0
0 0$ eon CUOS crg

Al fop's r--3i3 : 1"r o *h, F 3Ponof 1'. .al., who*', i
* *, ~ *

3
i

3  
3 3e .i. "0o ",,,~ , n " 3 .,P,. of

Fog 22 - Moor olcq ihaoing circuor 330 O3303303$
T

03'0.lc,,dii i0C

lS'hi,,'r (r"99"r Fig, 23 - Dynanmic poovor d ji..o on rest crc oil. 0$ -i ' 0 D. ' ,ii 300. 3,0 n . ', On''
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CD4069UB Types
STATIC ELECTRICAL CHARACTERISTICS *,

LIMITS AT INDICATED TEMPERATURES (OC)1
* CONDITIONS Values at -55, .25, +125 Apoly to0O,F,K,H Pack~ages ":....... j1~CHARACTERIII Values at -40, 25, +85 Apply to E Package

ISTIC V0 IV0______________ 2 NITS! ......

V) (V) I -55 -40 1 85 +125 Min, ITyp.Max. 7:

C0,,esceni Deocne - 0,5 5 0.25 0 25 7 5 7 5 - 0.01 0.25
C. 'renl. -. 010 110 05 0 5 15 115 0 01 0 5i

-~ ~ ~ ~~ ~.. .........11Y4J~ ri1~~

0..! ,ut Low 0 4 0.5 5 064 0 61 042 10 36 0,51 p 1 Io"c -!t 5-

Srn) C..,,ent 0 5 0.10 016 1 9 1 2 1 206 Fq l Typcm 0output low' (,,kjI

1CL5 0.1 15 4 2 1 4 2 8 I2.4 34 6 68 I -CretCa.trg~

Du,,lHy 46 0.5 5 -06(41 -061 -0,12 -036 ,-Oji -- IA
fso ,,ce' 275 0.5 5 -2 -1 8 -1 3 -1 151 -1 6 1-3 2 .-

P13 5 1~ 0 10 0-15 -4 i -20 4 i l -3 l'8

Voltaq - 5 005s . ..... 0 .*4 ... ... 5..

La.. Level, 4
VLax - 10 10 0 01 0 0051 >

- 15 lb 0 05 0 ~005I I l i-
C.,A;.l,t Voltage - 0

H~~aeI0 395 005 101lol l
VCH Vs' t- - ~-r- ,.-. 0 15 195 14 5 1 15 .I...i...LG 1 ! j0 5'l 14 9510V.fQ 41

Ir...tLow 4 5 - 5 1 5 0 0

Voltage. 9 10 2 - - 2
-I %lax5 Fig. 5-Minimumw output0 low (sink)

V1L 25 - 15 252 5-V current c54.roctrisrsc.

Hut
4

.h 0 5 - 5 44
Voitjqe. I I 10 

0r ~ VH M 1n 5 15 12 5 12 51-'-.104-S0C(Ol4.D-

-C -'5 -S 00 A

0,18 18 !0 1 to01 I 1 1 - 10- +0 1 eo

%laxH 1 4 2  ~ ~ . *

4( 6. .2 DDs .-

r7( e441 71l

F'g 6 - Schen4..t,c deg,am of one. of a, dercol Fig. 7 - CD4069UJB ernra ugnr.rr F9q 8 -Tvp,cal 0utput hrgh (source)I
current cherecter,s,ci

6~~~~~~7 ......4 'F'~ttt4(~u( ., 5C~Tf >4t(4!fO
*~~. ... ... .... (I1I.

.41~~. ..........- C. I
..... .. .....

.......... -. ,

.. . .. .... 4

~~>.*.'........ - .... .. I::u....

C9 - Wh r0, r owcf9 to 1 'o ' '0.M'nd.4 10.iF~g I F 1%.pcal Cropqt-l a#,., f,,.4
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CD4069UB Types

CMOS Hex Inverter Faue

H gh Voltage Types (20 Volt Rating) Fetue

4 Standardized symmetrical Output
characteristics

T're RCA-C04069UB types cosist ofsi Medium Speed Olpeation-'PHL,tPLH*
3

0 Ints Irvp.)

CYO .vererc'c~.tsThee eues re * 100% tested for quiescent current at 20 V0
''rd~ $ .3 i~C' ~ ~ I2 ~ UM,~mu nja current of 1 ,iA it 18 V

d ~e nd .4 C .C. O~',i '. Ci~l, u 0er ful p ckvq tempera3ture range I

't, -fae CS q a et % ast l! requirerentiI of JE DEC Tentatie I * cg

!4- ead re!e c -I-a,r- -e Cervr- C oCri- C04069UB
a-,ts 0 a,-! sul

t
.rsi 14-leaj da~ - -,, ie Applications: FUNCTIONAL DIAGRAM

p as!c p acriage E sill xi 14- eadi ceram-c

3L.,! Pulse shaping
~ a'ae ' S ntpCt~ or Oc invetrsio oa,,'C

UHigh-input-impedance amplifiers-

PECOA4MENDED OPERATING CONDITIONS I

ForiMU m x ur ,abi-rv nrominal ooerAting conditions solbeselected so .7..4..

VOLAGERANI AL IPUS...........................-.5to 00 05 ... ......

Di HIARON ERISA CAG Min Max-. T ,......

MAXIMUM RA INGS. PAGlueaiu TYPES s 0.ne characDtateLiistiics. s

DISUPLYiPLAGEO PAER OUPUVRAO iTR )

FULT V LTAC GTPRAUE RANGE i PacaL INPeUTS . I ..-. oV-,

IPOWEAiEER RAISIA UONPE ANGE (PAL
Fo A--0l 60 PACKAGE TYPES 0. .K. . . S. . so. . . t5

0 
mWti-

Fo A-+0t 8o PACKAGE TYPE E) . . . . . -40oLierv 11 m Jo to 2 
0  

L 1LL
LEA TEMPEATUR (PURKNGE TYLPESFG)

AtF lr r A t - 5155 1 ic .15 0. .in I~m ael . .il . . . . . . . 50 Civ
FoTA~Fi 2.CCt-2 .ysne .osg .riie Detailsrs~c Las.y t1 m Cto20

-C CONDITIGN ALLE TYPES) I - ~ ;; ,
DVCHARACTERITIC PER UNITST TRNISO

PAKG TYPES M0, FK'5 t I20
PACKAGE__ TYP E )C..~

TEA i TEM EUE(DRN S TOLDER IN .......tO..f

DYNAMt ELRCa t ALce CHA ATRITC at TA-2y Input 10. 15 20 no,~ i.... Fg - Tyia vla etrnfe charae riesis s

241 0 plR W Klfnto 
ftmeaue
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CD40668 Types

( ANAL~OG INPUTSr (±5 vi

sWA

o 
1 1

,.r~' .0

ANAI OUTPUTS I!Svi

Ama- *111?

4 Fig. 18 - Bidirectional signal transm~ission ria digital control logic.

0 10 20 30 40 50 60 70 72

50- '4i 7-.----_ IT, I

3-

05'0

CD4066BH
CHIP PHOTOGRAPH

The phoiogIphil a0id diffiensiois o ach1 CUOS Chip

Dimensions I Pairentheses &It in m,1ielf and r.0r....r A 0610 hen? I' Is CnOf In* .#for when11the

art eried II, r, he bjicinchdim nsins a in waer .i 8@ riiefd uIt indivdUal Chi,. ihe *ngie or
era ancd Ionthebasc rch irieiiOn Siiii CIAsag@ nlyer ifh niloedc to the Chip, ICe for

M,ared, G dog,duanti a#m in M,18 ii0- inCh). diir1iCh1pe The setOi 0,11,.ci,011 of I13 Italed
ChiP. hitly, :1.11111'li ii.9111y f,"c in. c~ITY- 8
d,aerii'n~oinn10 ThliN. teatoUld COca-dira iolerrief

ofi_3inflln thof.l T''aplCaet I@n .r

SPECIAL CONSIDERATIONS - C040sea 2. in certain applications, the external
load-resistor current may include

1.In applications that employ separate both VQQ and signal-line com.
power sources to drive VDD and the ponents. To avoid drawing VDD cur.
signal Inputs, the VOID current rent when switch current flows into
capability should exceed VDDIRL (RL terminals 1,4,8,or 11Ifhe voltage drop
= effective external load of the four across the bidirectional switch' must
C04066B bilateral Switche s). This not exceed 0.8 volts (calculated from
provision avoids any permanent cur- RON values shown).
rent flow or clamp action on the VOD No VOD current will flow through RL
supply when power Is applied ot if the switch current flows into ter-
removed from the C040668. minals 2,3,9, or 10.

230
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CD4066B Types

'cs (P .. ,,- 'C '

F l - AA-.{N.. , Fg 1, A : .

Fig. I I - Off-smrch input or output leek.ge. Fig. 0 - Cros Italk-control input to signal ouu. LFig. 12 - Propaga tion zie/ay time signal input fi)

tO signal output (Voil.

oo

lIES~f o N.Nj

'~~C " VaS5 o

vss MESM COT

signal~~~tc oupt.Dlarsamufdo

or *Von-f output *24 e (tn-c~of) AP reeito r te.5JS(t r

5,. isvoms

V : IS*i~ CO'*OOt

Fig. 14- dihinne PAM multilex System dagramn.

229

D-17/



CD4066B Types

ELECTRICAL CHARACTERISTICS Icont'd) 0

FLIMITS AT INDICATED .CTEMPERATURES ('C) ..u

Characteristic Test Condlitions Values at -55, *25. .125 N 1 0s
Apply to 0, F. K. H, Packages
Values at -40. +25, +85 Apply to T

VIDE Package F+2 5

Typ Fig. 7 - Cherne.' en-state resistance mTeasurement

Control (VC) ict

Control Input IlI$I < tO/LA
Low Voltage, V's=VSSVOS VOI00 1 1
VIL~X 10 ant 2 2 1 21 - 2 V____________

___5______ 2 2 2 1 12 s-z . c l

HihVlae See Fig. 6 to 7 (Mn v ~
VIHC 15 t1 jMnI1m~.:2. loon I:::.:.

Input Current, V5  IN D V 8 n V tii ti tj-- 0H1 1A I
I.N M 1,x. V'SD - SS =iV 18 .0.t 1!0 1 l ±~~± M ~o

I _________VCC < V 00O - VSS -ri.

C-r V i- 0 (q.Yrv
Crossialk icon- Vc1 m. vvI~I

trot Input to t, if z
2O10 -s to 50 - V *

Signal OutiprI) AL 10k;' - -~, *iU.I~ii~ts
Tuirn-On and VIN 'V 0 0  - 5 - 35 70 Za -2 PU V OL ?&fs5V V *C 1 .91,

Propagation CL 50p - 15 30 n Fig, 8- ryiicill ON Chiaracteistics /or I 0f

Delay IAL 1 ili 15 30~ - 4 Channels.

V,, VD. VSS GNO, .

C ~Control Input VC to V(Square to -T- - 9 MHz
Repetition Rate wave centrered on 5 V) virri~~t~ ,,ti

input

Switch Output.,I-

5 to 0o-.64 -1 -. 1. -1.12 -093 . 0.
5 5 -0.64 -061 -0.5t -0.42 1 -0.36 4.6 - Fig, 9 -PoilmidisstinfP~rks "t.5 swtching

1 15.L -4.2 4 -3.4 -2.8 2 -24 73.5 -C.

CSs5S OhS
------------------------('0~ 505

or'

Fig. 6- Oferffm~'n.,o, as ao" rest condrron fo, convrol mOo

h'OA vol/tate, (VJ sprow cfi on Fog. 10 - Clpeciranct test' cicui.

228
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CD4066B Typos

ELECTRICAL CHARACTERISTICS SUPL IATS Io - VIII,-

LIMITS AT INDICATED TEM- 00M

ri PERATURES iOCI L IT, ,I~ A5i(c CpA

Value, at .55, *25, -125 Apply N .2 I i? *iZC

Characteistic Tet Conditions toO0, F, K. H Packages I
Values at -40, +25. +85 Apply to T .:00

E Package S

VIN VDD 0. 2 '~ I~2
'V) iV) -55T-4-0 +85 k125 Typ. Max. I __ 2

5 025 10,25 757.51001 10.25.

Quiescent Device .J210 05 0.5 151 151001 10.5 INrUT 5It ONA VOLTAGE(1041 - malo

Current. IDO 1 1jsi 301 3010.01 1 1 Fig. 2- Typical on.,airsi, rafnce vs. Inputsirnal
1501 5010.215 1Voltage (all typedj.

_____________1___ 0. 2020 5 51010.? 5

Signal Inputs (V,,) and Output (V,),)

fa SUPPLY VOiLTAGE V- IoVs 110oV

On-State RL = 10 ItSl returnedI 3C

Resistance, Ton to 0 V 5 5 800 850 20j ):300 470 050 A.1l zs Ese .rPERa taUe
-oVD -. 1 VS ;]TAI:1:5-C

ax2 10 310 330 500 550 180 400 12
VsVSto VOID 15 200 210 300 320 125 240 2-I... ......

, nState5 j- i-

*Between Any RL= t~k~l, VC VDD 10 0 it .. ... ..2............
* ~ ?Switches. 6ron * 15 5 j . It I

- 0 75 -5 25s 0 25 5 75 00

Total Harmonic VC-VOD -5V. , -5V V,~~)(PT14141,VLA Y,

Distortion. - SV (Sine wave cErtered on CVI - - - - 0.4 % Fig 3- Typical on-are vs. Input ips~al voltager

THO R- 10 kSI Ils ~IkHz sine wave fl ye)

-3dBl Cutoff V C VD D= 5V. VS, -5 V, V, 51p.p 1
Frequency 5 V Sine wave centered on 0CV - - - - 40 - MHz J i P~IPL IT,,"'( Ivoo -v 5 5 -is V
( Switch on) RL ,12 - - '

-50dB Feed lt::1 1
through VCV~SS -5V. V,%(pp.5Vr

Freuec Sine wave centerd on 0 V - - - -MHz I0 .Af 44i tCn~~t

Switch off) j L - 1 M

lnput!Output -v VZ 0 Vi72

Leakage Current V,, - 18 V~, t 01±01± 10 +1o ±01
Swtch toff 0 , V V

I 5 Mav- V8 -- - - D PO

-50 dB 5V, VC( l = V5 5  
'"'NA, VSiGA vOTAVio - IT

Crosstalk V,1 A -5 V V (A - MHz
Frequency 5 VP, 50 fZ source Fig. 4- rypical on- irate resini vs.input siral

=k2 Vo1098 all typos).
Vk 0 Vv, - -1 - - , .isit Bt~~~C itt*

Prop-gaion VC t 5 - - 20 40
Delay (Signal GND.C 5 ' 10 - - - - 10 20 ns 1 411 ITtI;11 Il

)-put to Sign I V 1 0ION(Square157 1

Outco tlpd wave centered on 5V Sao- 7 1

_______________ r I f tr 11t 20 nt Us.7v t 5

C d hi ac, h it 1

C0 1  - ~tool-

iS 7s -5 -25 0 5 5 0

Fig, 5- on-irate rorsistmncevsw i n anl

vo/talm (off typo/
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CD4066B Types

CMOS Quad Bilateral *g

Switch C.
For Transmission or Multiplexing of Analog or
Digital Signals Features: ~~ 5 ~ C.

High-Voltage Types (20-Volt Rating) * 15-V digital or ±7.5-V peak-to-peak twitching _ 4

The CA-C4066 is ctud biaterl swtch 125fQ typical on-state resistance for 15-V operation I S

intended for the transmission or multiplex. i Switch on-state resistance matched to within 5 11 over
ing of analog or digital signals. It is pin-for- 15-V signal-input Tange A _1
pin compatible with RCA-C040168. but * On-state resistance flat over full peak-so-peak signal

addition, the on-state resistance is relatively U High on/off output-voltage ratio: 80 CIS typ.hbt a*uhlwro-tt eisac.I ag 6 Mconstant over the full input-signal range. If IR 10 kHz, R L - 1 k12
0High degree of linearity: <0.5% distortion FUNCTIONAL DIAGRAM

The CD40668 consists of four independent typ. @ II, - 1 kHz, Vis - 5 Vp-p, VDD- ____________

blateral switches. A single control signal is VSS > 10 V, RL - 10 kt2
required per switch. Both the p and the n Extremely tow off-state ivitch leakage
device in a given switch are biased oin or resulting in vei-y low offset current and high

ofsimusltaneously by the control signal.- effective off-state resistance: 10 pAtyp.@ Applications-
As shown in Fig. 1, the well of the n-channel
device on each switch is either tied to the VOD - VSS -10 V. TA , 250 C a Analog signal switching/multiplexing

Input when the switch is on or to VS When * Extremely high control input impeden.. Signal gating Modulator
the switch is off. This Configuration elimi- (control circuit isolated from signal cir-Sqeccntl Dmouar
nates the variation of the switch-transistor cuitl: 1012 r, typ. Chopper Commutating switch
threshold voltage with input signal, and thus a Low Lrosstalk between twitches: -50 d8B a Digital signal switching/Multiplexing
keeps the on-state resistance low over the full typ. @ f1, -8 MHz, R L - 1 kSZ a Transmission-gate logic implementation
operatng-signal range. a Matched control-input to signal-output a Analog-so-digital & digital-so-analog

-capacitance: Reduces output signal conversion
The advantages over single-channel switches taset sDgtlCnrlo rqecipdne
include peak input-signal voltage swings equal as Freqe epn se.swichont4 MU Digiale codnl of-iga frequnIpan
to the full supply voltage, and more constant Frqecrepneswtho-4 Mz paendnlgsialan
on-state impedance over the input-signall lt-vs.-
range. For sample-and-hold applications, a 100% tested for quiescent Current at 20 V
however, the .C040168 is recommended. a 5-V, 10-V, and 15-V parametric ratings

The D406B s aailbleIn 4-lad eraic Meats all requirements of JEDEC TentativeThe 0406B s avilale n 14leacermic Standard No.13A, "Standard Specifications
0dual-in-line packages (D end F suffixes), for Description of "S"Seria, CMOSIDevices("

14-lead plastic dual-in-line packages (Csuf-fix), 14-lead ceramic flat packages (K suffix),
end In chip form (H suffix) 1-C.

MAXIMUM RATINGS, Absolu re-Maximumn Values. 5?

DC S1 iPPLY-VOLTAGE RANGE. lV 0 0l
IVoillsoles referced to Vss Temiail 1 05 to i20 V

INPUT VOLTAGE RANGE. ALL INPUTS -0 5 so V0 0 '0 5 V
DC INPUT CURRENT: ANY ONE INPUT (excepit 'or TRANSMISSION GATE which is 25 mnA). ±10 mA r
POWER DISSIPATION PER PACKAGE IP I

For TA *-40 so #60oC PACKAGE TNPE El 500 mW C56'OL
For TA v60 so *as'c (PACKAGE TYPE El Derate Linearly at?1 mkWl'C to 200 mW
For TA *-55 to *100C (PACKAGE TYPES 0. F, K) -00m-W , .. s
For TA too to 125C PACKAGE TYPESD0.F. K) Orair Lrea,' ai I2 mVYI'C to 2D0mW V5 , '5

DEVICE DISSIPATION PER OUTPUT TRANSISTOR
FOR TA -FULL PACKAGE TEMPERATURE RANGE IAll Package Tvoei tWO ToW NONA Oplffl v

OPERATING TEMPERATURE RANGE ITA $*IsC or vN o

*PACKAGE TYPES D, F, KH -55 to 125*C

PACKAGE TYPE E - 40io -85*C ALL

STORAGE TEMPERATURE RANGE IT, --65 io *r150*C CO. Ct10,D

LEAD TEMPERATURE IDURING SOLDIF'RING) tI
As distance 1/16 ± 1132 inch It 59 i 0 79 mnI frow case lortO max .265*C AL COTO IP 4t " 1  ... ...

PO TLL tO COW SI . S 1

PROTECTION NETWORK

RECOMMENDED OPERATING CONDITIONS
For maximum reliability, nominal operating conditions should be selected so that oper- Fe-LI -Schemerm dajgram of I o' 4 dientrcal

*ation is always within the following ranges: swervhes atodais jusocierta control

CHARACTERISTIC LIISUNITS
Min. Max.

Supply-Voltage Range (For TA Full Package.
Temperature Range) 3 18 V

0a
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g Typical Applications

(z~ Dual Supply or Negative Supply Biasing S~le Psv)Spl isn

ID is

3 +A 14

4 1? .I~

t a C2

A V 1 NE 0VSET -v O6

R SETISET RSET Il SET

ITCurrent Source Biasing Biasing all 14 Amplifiers

with Temperature Compensation with Singe Current Sourc~e

I is

A +LM334Z 1M3A40 + 14I

I 3. v- Vw

+ + 
s,

LU3A - SET E

R2 SET 3 LM)48

67. mySET 1 R2 67.7 nnV

~~~~ISET2 I 5 T PSET1 S1 lE

6 The LM334 provides an ISET directly poporionl to a For ISETJ I SET2 reistors fi and 912 are not required

absolute tem~perature. Thq canicels the sight GBW Product if a slight error twitwveen the " set currents carn be tolmreted.

tempierature coefficment of the LM346. if not, then use Rl I F12 to create a 1oo mnV drop across
these rvisstors

3-200
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Application Hints -Z.
Avoid reversing the power supply polarity, the device Isolation Between Amplifier,: The LM146 die is iso-
will fail. thermally layed out such that crosstalk between all 4

amplfiers is in excess of -105 dB (DC). Optimum

Common-Mode Inptft Voltage: The negative common isolation (better ;han -110 dB) occurs between ampli-
mode voltage limit is one diode drop above the negative tiers A arid D. 8 and C; that is, if amplifier A dissipates
supply voltage. Exceeding this limit on either input will power on its output stage, amplifie, D is the one which
result in an output phase reversal. The positive common- will be affected the least, and vice versa. Same argument

mode limit is typically lV below the positive supply holds for amplifiers B and C.
voitaot. No output phase reversal will occur if this limit
is exceeded by either input. LM146 Typical Performance Summary: The LM146

typical behavior is shown in Figure 3. The device is fully
Output Voltage Swing vs ISET: For a desired output predictable. As the set current, ISET, increases, the
voltage swing the value of the minimum load depends on speed, the bias current, and the supply current increase

the positive and negative output curent capability of the while the noise power decreases proportionally and the

op amp. The maximum available positive output current, Vo, remains constant. The usable GBW range of the op
(ICL+). of the device increases with ISET whereas the amp is 10 kHz to 3.5-4 MHz.
negatve output current (ICL- is independent of ISET .

Figure I illustrates the above. - 4

* 54

11 UhRNT tMIT Icto

4 va Iv 1 to 18 lI
a5"- _] st
r 

y S SI Svc, n S

FIGURE 1. Output Current Limit vs ISET

Input Capacitance: The input capacitance. CIN, of the j.2

LM146 is approvimately 2 pF; any stray capacitance, i15 (.'L.
C S , (due to external circuit circuit layout) wil add to I is

C I N When resistive or active feedback is applied, an

additional pole is added to the open loop frequency FIGURE 3. LM14B Typical Charestics

response of the device. For instance with resistive feed. Low Power Supply Operation: Thequad opamp oper.

back (Figure 2). this pole occurs at 1/21r (RIiRL21

lOIN + CS), Make sure that this Pole occurs at least ates down to ±1.3V supp;y. Also, since the internal

2 octaves beyond the expected -3 dB frequency corner circuitry is biased through programmable curent sources,\

of te closed loon gain of the amplifier; if not, place a n degradatcr of the device speed will occur.

lead capacitor in the feedback sucn that the time con Speed vs Power Consumption: LM146 vs LM4250
stant of this capacitor and the resistance it parallels (single programmablel Through Figure 4, we observe
equal to the R!(C S + CINI, where R I is the input res,s, that the LM14b' power consumption has been opto
tadce of the circu~t med for GBW product, above 200 kHz. whereas the

I, Lf14250 wil reach a GBW of no more than 300 kHz. for
.GW products below 200 kiHe, the LM4250 wiil con-

sume less

FIGURE2 ' 's5.. " "':

Temperature Effect on the GLIV: The GW lgan s . , .

hb'dwvidth prudc~:. of the LMN146 is directly oropor lilA , I ',.S S I iv,.e -

oOnai tO ISET and lrvesely i orotinl to the ab- ,..r .

so 'Jte temoeru ie then usig rcistors to set the,.
bias cr'ent ISET o she device, the GBW product wdl ib ii K 4

deo'ease with risrias, q temprrature. Comoensation
can he povrced 0, creatrng ain SET current directly
prhport,oral to tei-seraturc (set vp'ca

1 
a;Ohcatlori) FIGURE 4 LM146 vs LM4250

3-199
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Typical Performance Characteristics (Conuinued)

Open Loop Voltage Gain Gain Bandwidth Product Slew Rate va
vs Temperature vs Temperature Temperature

ILOE

'S T s. T 'SETI- SET IDA

'~~.4 OF~ST'
0
' !A IS T l.I ~ -

I at 7::; IS I

so ' tIVssv 5 ±v

I I I 1 1 I

104 II Ia n'c

50 ~ ~ V - ST.A jsa

Frqec Frqunc Rai sFrqec

5Z IQr II Do

1C , POSTIV -SUUPPL

TA'5' a. ETT SE

SE - E

VS -S I - 2 b
TA 251C 5C -r

to 10 t 1kN 0 t lb1 0 o t 11 ok I

11 VS - IS 6
~~~T -'F2- AL I v'55

-a -so

-4 iS0 00 toa0 A5I

-17-1 D0-of



Typical Performance Characteristics (Continued)

r-

Common-Mode Rejection Power Supply Rejection

Input Offset Voltage vs ISET Ratio vs ISET Ratio vs ISET X1

- J .M!i, !l22-.2]I111!' lit .... h1 11IV[I 2

Ss. ... .--- !_._U_
DE i -------,---- - .--. ' I IhC

S- - I0 , -[ , _

,4 ... .. ,)s+,.+ 4 *-__-__.____SO_,_....... . . ..... 20 1 E

Supply .. o.... .ag s SuppyVltag"Votag

: ..7.....-- -j- 0 H ... .' - SETi~ li + i --.

I CLA v--lT T A ll e -A

.15 $. LSVS.16

sPyvO TAE I 5 C UPLVO TA IV N5U COMNMD VOTAGE IV)

Input Bias Current I'
Output Voltage Swing vs Input Voltage Range vi Input Common-Mods

Supply 'voltage Supply Voltage Voltage

1. ,1- I-+ 7 -+ - ---> -
Z I I

F- to I ! I t • ,A

a - ..... A,>

Y .wT

ISE tn & 1 iA

C - i 6 I 10 12 14 16 I t 4 1 I O O 12 1 - - 3 -10 S 5 4 to Is

SUPPLY VOLTAGE ('C) SUPPLY VOLTAGE IV) INPU T COMMONATOUE VOLTAGC (V)

Input Bias Current ve Input Offset Current vs Supply Current vs

Temperature Temperature Temperature

o .

oo " 'D IST  10A 1-4

'SE --IDI.A . - -

53 ET"
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TYPES 2Nd2217 THRU 2N2222, 2N2218A, 2N2219A, 2N2221A, 2N2222A
N-P-N SILICON TRANSISTORS

j~n
4

BULLETIN NO. DL S 7311916, MARCH 1973

DESIGNED FOR HIGH-SPE ED, MEDIUM-POWER SWITCHINGU AND GENERAL PURPOSE AMPLIFIER APPLICATIONS

a hFE ... Guaranteed from 100 1pA to 500 mA

soHigh -T at 20 V,20mA .. 300 MHz (2N2219A. 2N2222A)
250 M1Hz (all others)

* 2N2218, 2N2221 for Complementary Use with 2N2904, 2N2906

* 2N2219, 2N2222 for Complementary Use with 2N2905, 2N2906

4 *mechanical data

Device types 2N2217, 2N2218, 2N2218A, 2N2219, and 2N2219A are in JEDEC TO-5 packages.
Device types 2N2220, 2N2227, 2N222 IA, 2N2222, and 2N2222A are in JEDEC TO-18 packages.

THE COLLECTOR IS IN ELECTRICAL CONTACT WITH THE CASE

0115 --- p 0< o~t T
I ~ ~ ~ ~ i to~*MC -r-) 4 I~---*--*

----------4-T ,I -ON 010 "I, .~O

0P~r 00, ItoN I ~ P!or ,
00 I~ -4- Fa 3 I 000I 1 45o0~' O* -

4 01

TO5 IMENSIONS ARE IN INHSUNLESS OTHERWISE SEIEDTO-18

I @-S to-to

'absolute maximum ratings at 25*C tree-air temperature (unless otherwise noted)

2N272N2218A 2N220 1,2221A
2N2218 2 1 2N2221 2 22AUNIT

S2N2219 2N2222
Collector-Base Voltage 60 75 60 75 V
Collector-Emnitter Voltage (See Note 1) 30 40 30 40 V
Emnitter-Base Voltage 5 6 5 6 V
Continuous Collector Current 10.8 0.8 0.8 0.8 A

IContinuous Device Dissipation at (or below)
25' C Free-Air Temperature (See Notes 2 and 31). . . .

IContinuous Device Dissipation at (or below)3 3 1. 18
25' C Case Temperature (See Notes 4 and 5) _____

Operating Collector Junction Temperature Range -65 to 175
Storage Temperature Range -65 to 200 C
LEead Temperature 1/16 Inch from Case for 10 Seconds 230 -_-- 1CJ

NOTES I Thes. ei los oPlY between 0 end 500 mA .oliecbor -,-1n when th. bae mle diode is open-cirCu,.idr
2 Oisre 2N22171. 2N2218. 2N22113A, 2N2219. anda 2N22110A ineaon ro 1 75C free Sir tenroerstuti at the roe. of 5 33 nr,C.
3 Letre 2N2220, 2TN2221, 2N2221 A, 2Nr2222, soid 2N2222A linearly to 1 75 .C freoar temperature a1t inrte of 3 33 n-rW*C.
4 Oera. 2N221 7. 21J2218. 2N2218A, 2N2219 and ?N22 19A linearly to 1 75oC case tem~perature ar the rate of 20 0 mnrw/oC.
5. Oen2N2220, 2N~2221, 2N222 IA. 2rq2222, and 2N2222A irrearin t0 1 75"C case temrperature at the role ot 12.0 mlo'C

'IE DEC reqiteredl dais This daie shoot contains sli Applicable reg,sleled dore in affect e the time of publication.US SC IN2

TEXAS1 INSTRUMENTS 4-93
POST OfFICE *0, lot) - DALLAS TEXAS 79222
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TYPES 2N2217 THRUJ 2N2222, 2N2218A, 2N2219A, 2N2221A, 2N2222A
N-P-N SILICON TRANSISTORS

2N2217 THRU 2N2222

4electrical characteristics at 25*C free-air temperature (unless otherwise noted)

ITO-5- 2N2217 2N2218 21,2219
PARAMETER I TEST CONDITIONS TO-tB-. 2N2220 2N22211 2N2222 UNIT

Colactr-BteMIN MAX MIN MAX IMIN MAX __

V(RCOBreakdown Voltage IC- 104A, E -0 60 60 160 1V

Collector-Emitter
V(BR)CEO Bakd VotI C - 10 MA, 18-0, See Note 6 30 30 30 V

V(REOEmitter-Base *~w.

I (REOBreakdown Vol tage IE"1 A I-

Collector Cutoff VCB - 50 V, IE 0 I 10 10 j 10 tA
IC0 Current VC1 -50 V, IE- 0 TA 10'C l 10 10 MA

'EBO Emitter Cutoff Current VEB - 3 V. IC - 0'1 0 0 n

VCEt-10V, ICtOu 100___ A 20 35

IC -c lV, C' tmA 12 25 50

hE Static Forward Current V1CE - 10 V IC- t0 mA 17357
hE Transfer Ratio VICE - 10OV, IC- S ee te, 20 60 40 120 100 300

VICE -10V, IC -SOOmAl 20 3

It' VCE-1 V, IC- 150mA 10 1.50____

VBE Base-Emitter Voltaige lB- 1 5 rA, ItC1-0 ao 6 Note 6 1.3 -- .6 V

Collector-Emitter 18- 15mA, IC 150 mA Sa oe6 1 0.4 11 0.4 I 0.4
VCE~sat) l5)mC-0mA __________

Saturation Voltage V1E -0 VA, 50-0 mAf-0Mt2.25 16 1.6

lf
1 

Common-Emitter VE-2VI-20mf00Mz .5.5 2.5
Forward Current

Transfer Ratio__________________________________________ -

Tnin Frequency IVCE - 20 V, IC - 20 mA. Site Note 7 250 1250 ~250 MI-z

Common-Bae 0  
11~ T8

Cao Open-Circuit VCB "10 V, BE-0 1Mz8

Output Capacitance

Real Part of

Small-Signal 1-
Cortson-Eitse VEi 20 V, IC -20OmA, 1-300 MHz 1 60 60 60 91

Input Impedance J-
NOTES: 6. These parameters must be measured using pulsa teclhniqus. tw - 300 M~s. duty cycle < 2%.

7. To obtain IT, the lI. I response w-ith freq~uency is extrapolated at the rate of -6 dB per octave from I - 10 MHz to the
frequency at which lhfs I - 1.

switching characteristics at 25*C free-air temperature
PARAMETER TEST CONDITIONS't TYP UNIT

Id Delay Time VCc -30V, IC - 150 mA. B(11F - 15 mA, 5 "1
Ir Rise Time VBE (of ) - -0.5 V, See F igure 1 15 its

to Storage Time .Vt-.c -30 V. ' I - 150 mA, IB (1) - 15 mA. 190 n
If Fall Time 

1
Bi2) -- 15 mA, Sa. Figure 2 23 s

* 
t
Volloge a"d current values shown are nominalt, exact vaiues narl slightly with transitor paramreters.

DEEC regiserred date

3"3

4g94 TEXAS INSTRUMENTS
I N C ON P' (ANTAt L 0

POST OFlic 8011 11012 ocDALL . nesNAs ?eS2
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TYPES 2N2217 THRU 2N2222, 2N22I8A, 2N2219A, 21"2221A, 2N2222A
N-P-N SILICON TRANSISTORS

2N2218A, 2N2219A, 2N2221A, 2N2222A

"electrical characteristics at 25" C free-air temperature (unless ot herwise noted)

PAAMTE TS CNDTIN I TO-5 - 2N2218A 2N2219A

TAAMTE TSiCNDTIN 2N2221A 2N2222A_ UNIT

V(BR)CBO Collector-Base Breakdown Voltage I'C- 10pA, IE-( 75 75 V

VIBRICEO Colliector-E mi tier Breakdown Voltage, IC - 10 mA, 113 - 0. See Note 6 40 40 V

fVIBR)EBO Emitter-Base Breakdown Voltage 1 E - 10 MA, IC -0 6 6- V

IC80 Collector Cutoff Current VB- 60V' IE01 0B

VC - 60 V, E -
0

, TA - 150'C 10 10 MA

CEV Collector Cutoff Current TVCE - 60 V, VBE - -3 V 10 10 nA
RBEV Bass Cutoff Current FVCE - 60 V, VHE - -3 V -20 1-20 nA

'EBO Emitter Cutoff Current VES 3 V. Ic-0 10 10 nA

IVCE -10 V, IC-100MuA 20 3

VCE- 10 V, IC- mA 25 50

VCE 10V, lI-10mA 35 75
Static Forward Current VCE -10 V, IC - 150 mA 40 120 100 300

fIFE Transfer Ratio VCE - 10 V. IC 500 mA 25 40
* See Note 6

VCE- IV, IC -150 mA 20 50
VCE-l10V, IC-10mA, 15 3

____________TA " -65*CEl

*VBE Base-Emitter Voltage IS- 15MA, IC-
5 0 

mA See NoteS 6 06 12 I.6 12 V
50 mA, IC 500 mA 0. 0.

VCElsetf Collector-Emitter Saturation Voltage I 3-1 A C -15 n See Note 6 030 V
1IB- 50MA, lC -500 mA 1 1 1

I" 1 Srr--.I-Sigral Common-Emitter IVCE - 10 V, IC- 1 mA 11 3.5 2 8 fn
Input Impedance v 1CI0 V , IC- tOmA 10.2 1 0.25 1.25

SmaII-S,9ral Forward Current 'VCE - 10OV, IC - 1 mA 130 150 s0 300
to Transfer Ratio 'VCE - 10 V, 'C - 10 mA IfI1~ 50 - 300 76 375

Small-Signal Common-Emitier VCE " 10V, IC- 1mA f-1 Z xi
4  

80lO
4

Reverie Voltage Transfer Retlo IVCE - 10 V, ICA 10 mA 2.5.l O
4
: 4.10-4

ho, Small-Signa Common.Emnitrer IVCE - 10V. IC - I mA 3 15 5 35"h
Output Admittance VCE 10 V, IC- 10 mA 10 100 25 200.

fe SmallSignal Common-Emittar C-20VIC-0mA 110Mz2.3~fI Forward lrrrit Treansfer Ratio VC-20,C-20m -10Mi2.3

IT Transition Frequency VCE - 20 V, lc - 20 mA, See Note 7 250 300 M
Common-Base Open-Circuit

Coo Output Capacitance :VCB " 1OV, IE 0. f - 100 kHz a B pF

C'' Common-Base Open-Circuit V1 . ,I , f-10kz2 5 p
* CbO ~~~~~~~~~~Input Capacitance VB-05V , I-10kz2 5 p

Real Part of Small-Signal -
hrelreal) Ipno-mte Inu meac CE " 20 V, IC - 20 mA, I - 300 MHz .60 60 fl

Collector-Barse Time Constant ;VE- 20 V, IC Ai 20 mA, I - 31,B MHz1  150 150 ,ps

NOTES, 6. These paramaters mnust be measeured using P~ulse technique.s~ 1w 300 we. duty cycle C 2%.
7, To obtain IT- th pifs1 raspone with freqsuency is amiropolbled at 5the rate of -6 RB pee octave from 1 - 00 MI~z so the

1requency as whilft -1
* JEDEC stlaltreid (tate

TEXAS INSTRUMENTS 4-95
INCOrNIORr At I L0

POST OFFIc. ROX 5nt, . ALLAS itA ?S2a22
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TYPES 2N2217 THRU 2N2222, 2N2218A, 2N2219A, 2N2221A, 2N2222A
( N-P-N SILICON TRANSISTORS

soperating characteristics at 25*C free-air temperature

I I T o - . 2 N 2 2 1 8 A 2 1 ilPARAMETER TEST CONDITIONS TOi-2Ni2221A I2N2222A}UNITI

F Spt Nose FgureVCE - 10 V, IC - 104, gA, RG -I kfl, If-1 kilz MAX

4svitching characteristics at 250 C free-air temperature

I TO.5 - 2N2218A _2N2_219A
PARAMETER TEST CONDITIONSt To-ia- 2N2221A 2N2222A UNIT

tdj Delay Time MAX MAX
1, Rise Time 25 25 n
_____________________(off)_- V 0.53V, SeC Fiur IBm, 1(1 A
* A Active Region Time ConitanO ~ a e 2.5 2.5

t 1  Storage Time j C - 30 V. IC- 150 mA, 'sit - 15 mA, 225 L22
7,, Fall Time jIll-SmeeFgure 2 60 rl

I'
t

yie end current values shown are nOminal1, exact values vary slightliy with transistor parameters.

lUncler the given conditions TA Is Cqua to t

*PARAMETER MEASUREMENT INFORMATION

+9.9 V---
+30 V

20n-0.5 V INPUT

OUTPUT t

619 1nI V*

iOUTPU

9 UT

TEST CIRCUIT VOLTAGE WAVEFORMS

4 FIGURE I-DELAY AND RISE TIMES

+ 16.2 V--
+30 V 1381 1 INPUT

200 nl

1knf 20 k1n g~
INPUT0

OUTPUT

IN916 7ofl
OUTPUT

-3 TV 90%

TEST CIRCUIT VOLTAGE WAVEFORMS

FIGURE 2-STORAGE AND FALL TIMES

C NOTES: a.The flout erayelormil hoe t'. followine characteristics: For Figure 1, tr ii. 2 ns, It. C 200 ne. duty cycle < 2%,. for Figure?2.
j C 5fn, t, - 10O mo, duty cycle - 17.

Is. All yvsvel'o-ns are monito, ad onl ofl osc,liosdooe woith th. foloiiong chsaracteristics: it 5 sn, Rin a t0O Ill Cin 4 12 OF.

'JEI3EC regfitere'd dasta

PRINtOD IN U S A 37
01Isl .'ye n 'up it fit I . .,

4-96 TEXAS INaSTRUM'ETNTS *,risnidlNfa.IIepri l
INCORPORI At tti

PONT OPPete DOW AI - DA- %I TIXS roS73 TEXAS INSTRUMENTS1 RESIR1011 H t I f I n M0AY(1 (RfANGES t Al IRE111
IN ORER~ T0 lyPRfO'l DESIGN A41 O 10 UPtY Ill AlSt P1000(1 Ill1
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CHIP TYPE N24
N-P-N SILICON TRANSISTORS

Si N24 is a 19 X 19-mu, epitaxial, planar, direct-contact chip

So Available in TO-5, TO-18, TO-39, a short-can version of TO-78,
plastic dual-in-linfi quad. and Silecit packages

to For use in general purpose amplifier and medium-current
switching circuits

electrical and operating characteristics at 25*C free-air temperature ________

OBSERVED VALUES
PARAMETER CONDITIONS LO T- IHUNIT

V(BR)c80 Collector-Basie Breakdown Voltage IC - 100 MA. JE - 0 80' 100 V

VIaR)CEO BrolldotnrVoltate IC- 10 mA, B -0 See Note 1 350 45 Colco-mteV

V BR EBO Emitter-Base Breakdown Voltage 8E - 100OMA. IC-0 6# 68.5 V

CBO Collector Cutoff Current VCB - 50 V, fE - tO<O10 nA
EBO Emitter Cutoff Current VEB - 4 V, IC - 0 < n1 100 nA

VCE- 0V, IC- 1mA20 70

hE Static Forward Current VCE - 10 V, IC - 10 mA 50 100
4hE Transfer Ratio VCE - 10 V. IC - 150 mA See Nose 1 50 120 600

_________________VCE -10V, IC . 00MA 20 95

VBE Baseo-Emnitterr Voltage I- 15 mA, IC- -50 mA 1.15 V

VC(SICollector-Emitter lai 15 mA. IC'- 
5 0 

mA Se oe10.15 0.2.
Saturation Voltage 1B8 50 mA, IC - 500 mA 0.4

hs Small-Signal Common-Emitter 0.5 2C W) Input impedance
Sma!:-Signal Common-Emitter

hs20 75
Forward Currant Transfer Ratio

hg Small-Signal Common-Emitter VC 0V C-1m, f-1ko0.8 x e 6x

re Reverse Voltage Transfer Ratio 110-- 10- ___

h" Small-Signal Common-Emitter6 20mh
Output Admittance 6 2 ms

'I
1
T Transition Frequency VCE - 10V V C-5.A 00Mz 10 4> ~

CW Common-Bate Open-Circuit VCB - 10 V, 18 - 0 4.5 12 F
Output Capacitance 

f-IMz
Common-Base Open-Circuitp

Cio npt apcianeVE -0 V I -0See Notes 2 end 3 20 30 pF

_____ Rise___Time ____113____B1l - 15 MA, VBEIoff) " -0.5 V Dat18 15 n

t Storageo Tesinrment,-3 V Ce I5m. Sho 9

NtE5 1.Teeormeeswr eaue sn se Timenius tm~ofl -V S0 . duty 1 yle 2%.n

2. Caacitance measurements mere Made us~ng Chips mounted in TO 5 packaes
3. Ccb measurement employs a three-terminal cooscitancer bridge incorporst-isg a guard circuit The emiter It Connected to fee

guard terminal of the bridge. Coop end C,b0 mieasureents ae made with rte third terminal fetiing

5-102 TEXAS INSTRUMENTS
I NC OR 1I'OH At T D
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CHIVP TYPE N24
N-P-N SILICON TRANSISTORS

PARAMETER MEASUREMENT INFORMATION
Vse13-4.1 V VCC.30GV t, I ns tff I on,

III AL 00v I NPUT

OUTPUTI

INPUT 0-~_____

A8 50A VCC-VCEIw1I II OTU
lB 'C 90 90%" UPU

[See Notes a and b)wTEST CIRCUIT VOLTAGE WAVEFORMS
NOTES. a. The input waveformns ae supplied by U generator with the following Characteristics: zot- Bo n.; for measuring 

td end r,
-wIt 200 net, duty cy'cle r. 2%; for measuring t, arid 11, t, ft 10 jus, duty cycie r, 2%.

b. Waveforms are monitored on en osciiloscope with the following characteristic.: tr -t 1 ng. Mm~ 4 100 kfl, Cin C 7 pF.

FIGURE 1-SWVITCHING TIMES

TYPICAL CHARACTERISTICS

* I

oeo e TANormlize hFEV5 VE e
-Sc T-r -- 1i

It > II
t 55 40 aS 40 laS SI 0 4 AT.5 1lgo ji7@1o

S0 '0

0, . 1I .. 0.010

55C I 'r'' - '-. r....

FIGURE 5 FIGURE 6 FIGURE7

NOTE 1 These osrremeters were maclured using pulse techniques f-300 os, duty cycle < 2%.

TEXAS I NST RU MENTS 5-103
Post orrIcaen .x t 501 t).1411 us FcAl react
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CHIP TYPE N24
N-P-N SILICON TRANSISTORS

TYPICAL CHARACTERISTICS

Normalized his, hf@. hre, hoe vs Ic IT IC Cobo- Cibag. Ceb0 VR

V CE -2 V51 1002i,41'
* 40 TA- V z tc- O 1

TA2 VC VCEIV 20

r
3000

47
T010

* --
4
.W- 01

li 0g 2 470 0 0 700 70200i 47 0

700

FIGURE a FIGURE 9 FIGURE 10

t
d0 wI00
70 -VCC io V ..

70C 4.1 V

20* It C

11111L\L t
20

420 "a

-a VV-47 1 V
70 20 40 100 200 400 1 I 70 2040 700 200 400 100

lic-QO1i00, Cvunt-A IC-Callclo. CuIt-

FIGURE 11 FIGURE 12

testsiC .f tsIC

70 ~ ~ ~ V 11Z~IIU~l 0 C

700

70 0 0811 410(721 0 00 10

FIGURE 1 FIUR 14t

NOTES: 2. Capacitance measuremts~7 were made usintg chips mnounted In TOO 5Docage%

3. Cr , mneasurement ernmI a Orreerrina capacitance bridge Incorporating a gusrd circu it The emi tier Is Connlected to the4 guord

terminal of 77h4 bridge. III , ar'd C17,0 MOASUr-Ment, Are MA, withl the0 tird terminal ?lasting

4. To avoid ovne'Itnq 77,e transistor. 77,11 Vaffm,.r we, maclured WI-7, ble, condition, aooI, for lI", then 5 seconds

5-104 TEXAS INSTRUMENTS
PI4 0I0C DOR still * 04LAG VI0004 P1*1
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CeNational Industrial Blocks
Semiconductor

LM733/LM733C Differential Video Amp
General Description Features
The LM733/'LM733C is a two-stage, differential a 120 MHz bandwidth
input, differential output, wide-bv"'1 video armpli. 2 250 kQ input resistance
fier. The use of internal ?eriesshunt ieedback gives 9 Serectable gains of 10. 100, 400
wide bandwioth wi th low phase distortion and high *Nofeunycm nstn
gain stability. Emitter-follower outputs provide a 1 ofeunycmesto

high current drive, low impedance capability. It's 2 High common mode rejection ratio at high
120 MHz bandweidth and selectable gains of T0. frequencies.
100, and 400,vwithout need for frequency compen.
sation, make it a very useful circuit for memory

element drivers, pulse amplifiers, and wide band Applications
liner gin ~s.a Magnetic tape systems

a Disk file memories
The LM733 is specified for operation over the
-55'C so +.25*C military temperature range. The a Thin and thick film memories
LM733C is specified for operation over the 00 C 2 Woven and pl~ted wire memories

4to +70'C temperature range. 8 Wide band video amplifiers.

Schematic and Connection Diagrams

Duatl-inle Package

Order Number LM733CN
Sea NS Package N 14A-

Metal Can Package

0- ~ ~ '. Ol .. ...
V.C

Order Number L;;331- or LM733CH

Test Circuits See MijS Package HI II

Test Circuit I Test Cut 2VlagGanAutCrct

M .-At . to IWW

9-54
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Absolute Maximum Ratings -4
WO

Differential Input Voltage ±5V
Common Mode Input Voltage ±6V
Vcc ±8V
Output Current 10'mA
Power Dissipation (Note 1) 500mW .4

Junction Temperature +150*C W

Storage Temperature Range -65C to +150
0 CW

Operating Temperature Range LM7 33 -55"C to +125*C 0
LM733C OC to +70'C

Lead Temperature (Soldering. 10 sec) 300*C

Electrical Characteristics IT, - 250C. unless otherwise specified, see test circuits, Vs -± 6.0V)

CAATRSIS TEST LM133 LM733CCHARACTERISTcS TEST CONDTIONS - - - - - - uNITS
CIRCUIT MIN TYP MAX MIN TYP MAX

Olifltntial Voltage Gain
Gain t ;Not. 21 300 400 500 250 400 600

Gin2 iNote 31 I R.- 2 kt Vou, 3Va. 90 tO Ito so 100 120
Gam 3 (Not. 41 90 10 11 so 10 12

flendyiodth

Gain 1 40 40 MHz
Gaimn 2 2 90 90 MHi

G&,n 3 120 120 MHz

mile TimeI

Gan I VOW, I Vies 105 10.5 ns
G:an 2 2 4.5 10 4.5 2 n

Gin 3 2.5 2.5

Propagation Delay VQJT* I Va
Gem 1 7.5 7.5 nsG.'" 2 2 6 C 10 6.0 to ;n1s

G en3 36 36 to

Inlput R.iltance

Gin I 4.0 40 kf

Gen 2 20 30 10 30 kn

G Gan 3 250 250 ktt

Input CmOKitanC* Gain 2 2.0 20 F.

Input Otlwt Cutrent 04 30 04 50 eA

Input at Current 90. 20 9.0 30 6 A

Input Norw Voltage BW I kH to 10 MH, 12 12 UVI'

Intut Voltage Rl-gf I .0 ±10 V

Conmon Mode Rejection Rato
Ga~n2 1 VCw IV I e, t00 k 5 so 80 65 6S

GaI2 VC t I V1 5MHz so 60 16

Supply Voltage Rjaction Ratc.
Gin 2 1 Vii t05V 50 70 SO 70 del

Otlput Ofllt Volage
GainI I RL-m 0.5 1,5 06 1.5 V
G&n 2 and 3 0 35 t0 035 1 5 V

Output Common Mode Volt gi, I R, - 24 1 29 3 4 24 25 34 V

Outot VoltgSn I Rin I 2k 30 A 0 30 40

Ou P. Sink Current 2 5 36 2.5 3.6 ntA

Output Rewlltnce 20 20 n S
PO""t SJipln Current R, * 16 24 18 24 mA

9.55
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c' Electrical Characteristics (Continued)
IThe folgw~ng specificat,ons applv for -55'C < TA < 125QC for the LM733 and 06C < TA < 70C for the LM733C. V3 , ±6.OV)

2TEST LM733 LM733C
CHARACTERISTICS CR TEST CONOITIONS T UNITS

I CRCUIT MIN TYP MAX MA

D~tft.enIJ voltage G-.

N. GnI200 600 250 6
Gain 2 :- 2 an, Vou 3 V 280

;J Gan 3 0 120 80 12.0
Inu.lI RIeesflI"ua G~oe S S ifl

Inp. t et Cu.eni 5 6 ,A

::-Pu.t B- C .ent 40 40 IAIptV laeRn.t I
Common Mode R4ict.:o Ratio V O

GainZ 7 1 VCU - I IV, f!9 100 kill 50 s~o da

Supply voltige Rejection "At'o

Gain 2 501 AV, - 10 5V 50 'do

Output Offset Voltage

Gean 1 1 R,.1 1 S V

Gan 2 end 3 1.2 S V

* Output Voltage S-n1 1 R, * 2k 25 2.8 V.

Ouwut Sink Carrent 22 26 mA
POse, Supply Cuarnt 1 R 27 27 rA

Noto 1: The maximum junction temperature of the LM733 is 150'C, while that of the LM733C is 1C'OC For operoton
at elevated tempertures devices in the TCt00 package must be derated based on a thermal resistance 01 50C/W junction
to ambient or 4SC/W junction to case. Thermal resistance of the duel-in-ine package a t00*C/W.
Note 2: Pins GlA and GtB connected together.
Note 3: Pins G2A and G28 connected together.Q Note 4: Gain select pins open.

Typical Performance Characteristics

Pulse Flosponsto v Pulse Rerlponsi vs
Pulse Retponsto Temperature Supply Voltage

1.i 1 1 1 $ 1. t 10 AI

J~i_!_T. :. 1,1* ]. 9, 55,C 1r IV

IEIm TIM°ti { 
0

s* TVIME T..i

GiA1renll 3OAllIvdrVj

i " = ::

4.4 4-4.4

S1 -i - Is Is If 10 t1 It I-tI0 ]a|iO i -I-i - 1 i S t0t I01IsIi
TIME las TIME OesI TIME TL

Dtfferential Overdrive

Phase Shi~ft ve Frequency Phase Shift vs Frequency Recovery Time

to V, .- v:

o s
___________ 011S

_______ f: ii~ ,.
1 I 2 4 0 6 1 1 IN NO Ito go io 1i IttO ItO NO st l114 I laTI II4OSOI tott

peloutc.AMee e~tse Weet OffifPERITIA INPUT10 VOLTAGE 11

9-56
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Typical Performance Characteristics (Continued)

Gain Its Frequentcy Gain No Frequency Its

Voltage Gain NIS Frequency Temnperature Supply Voltage

r-li z* s GAINs 2

40 4 o-- of
34 If -- T- 30

640 5 00 7 . 'cCAI

I 0 10 ooIN t 10 100 t0000 1DOS10 so10 01lol

FREQUENSCY 11111 FatOUEoN Wldi FREQUIENCY(Mlii

Voltage Gain va
Voltage Gain i RAOIJ Voltage Gain its Ternperature supply Voltage

1000 LIS I.'

1A~~1. -W-I9(N IiI

I II t~ 0I 013

to4 GAI I~ -

InI

GA1.1

1__ 30 000 111 lk -40 -20 3S 60 too 1402 1 4 0 1

e0 0  loTEIMPERATURE l*Cl SUPPLY VOLTAGE liVI

- Supply Current, output Voltage

Output Voltage Swing we end Current Swing i Supply Output Voltage Swing III
Frequency Voltage Load Resistance

-F 11...ZV~ 0 I'l Hil
T, 0 2S0 1.0 T, - ~ ' 2S C toTA05

R,___ I, KUj~

I N

10I0 0C'co .0 40 sot O 7 .0 *.0 f 5 0 D 51 1 S O

to 21 to

o ~~I Bit 1t 10000j if003 000 5

to SUPPLY CURRENT

1% 001 1011 lom 10 9 0 . 1k $s 40 -0 2 o 10 Is

INO IC toO SO RC REITAC Ill 00 PI it -- - g

90-57I !
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ANALCO- D!V:SICN JUNE 1983

pwPHASE LOCKED LOOP NEISE564

DESCRIPTION OUTLINE OF SETUP PROCEDURE PIN CONFIGURATION
Tne NE564 Is a versatile, high guaranteed 1, Determrine operating frequency of the0,11PAKG
frequ.ency Phase Locked Loop designed vco - I1 AKG
for operation up to 50MHz. As shown in if *N in teedback loop, then V. I4f T.uTV
the block diagram, the NE564 consists of to N x 1_, LOO GAN~ N

a VCO, limiter, phase comparator, and 2. Calculate value ot the VCO frequent: 41 TO .oAM
poet detectO Processor, aet capacitor: C*8T 3ixA8A.OW0U

APPLICATIONS Co . LOOP PLTeR 4 M O IT CAP

" High speed modems 2500 to OPFL.'
0

OW A

* FSK receivers and tranamitters 3. Set 12 (current sinking into Pin 2) for 'F'I' PPn OCO O.TP'I0 .

" Frequency synthesizers a200,,A. After operation is obtained, s.n

Signal generators !his value may be adjusted for best GWROURP 8 CO ourWi. I
- Various satcom1TV syst ems dynamic behavior.

4. Cneck VCO Output frequency with dIgI. TOP VIEW

FEATURES tli counter at Pin 9 of device (loop open, -... oeC~E NUMBERS

" Operation with single 5V supply VCO to 0 del.). Adjust C0 trim or fre* NE"4n- NE, 'SEW.A

" Guaranteed operation to 50MHz quency if needed.

" External loop gain control 5. Close loop end inject Input signal to Pin design may be required in place of sim.
" Reduced carrier teedthrougtr 6. Monitor Pin 3 and 6 with two channel pie single capacitor filter on Pin 4 and 5.
" No elaborate fliltering needed In FSK scope, Lock should occur with Ao- (See PILL application section in Anaiog

aspplications equal to 90C (phase error). Manual.)
of Can be used as a m~odulator 8. If pulsed burst or ramp frequency Is 7. Th Input signal to Pin 6 and the VCO
a Variable loop gain (Externally used tor Input signal, special loop filter feedback signal to Pin 3 must have a

Controlled) duty cycle ot 50%/ for proper operation

ABSOLUTE MAXIMUM RATINGS of the phase detector. Due to the nature

PARAMETER I RATING UNIT of a balanced miser If signals are not

V+_______Supply ______________voltage_____________ 
50% in duty cycle, D.C. offsets will

Suply oltgev occur In the loop which fend to create an
Pin 1 14 artificial or biased VCO offset.-
Pin ;0 8 8w . For multiplier circuits where phase jitter A

*P0) Power dissipationr 600 mWIs a problem, loop tilter capacitors may - I
TA Operating temperature NE 0 to 70 C be Increased to a veilue of 10-50AF on -

Operating temperature SE -55 to +1t25 Pin 4, 5. Also careful supply dlecoupling

'$tg Storage temperature -65 to 150 C I may be necessary. This ;ncludes the

NOTE. counter chain Vcc lines.
Oeretiom abi. 5 voirs wiii reuire P4@iiflig fthIe l*8 NE564

B3LOCK DIAGRAM PHASE LOCKED FREQUENCY
MULTIPLIER WITH VCXO

- IV

.3.F

A., oor"

I ~cc
-8 - -r -- - - -

Signetics 11-5
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ANALOG DIVISION JUNE 1983

PHASE LOCKED LOOP NE/SE564

ELECTRICAL CHARACTERISTICS Vc= 5V, TA 25'C, = 5MHz, 10 . 400,A unless ofterwse specified

ISE584 NE584PARAMETER TEST CONDITIONS I - UNIT
1Mln Typ Max Mm E T P Max

Maximum VCO frequency C, 0 50 65 45 60 MHz

Lock range Input ? 200mVrmsT 0 = 25"C 40 70 1 40 70 % off.
= 125"C 20 30=-55'c 50 80I
=0*C 1 70
=70 C L 40

Capture range Inout > 200mVrms, R2 = 270 20 30 20 30 % offo

VCO frequency drift with f,= 5MHz, TA= _55C to 1251C 400 1M00
temperature= 0"C to 70'C 400 1250

fo.500KHZ, TA -55Cto 125C I 250 500
= o Cto 70"C 400 850

VCO tree running frequency I i 1 , .,80pF 4 5 5 5 7 MHz I

25C, RC= 1000 "Internai'

VCO frequency change with Vcc 4.5V Ic5 5V 3 88 %off7
suppy voltage Ii -

Demodulated output voltage Modulation frequency: 1KHz
f,= 5MHz, input deviation: I

2%T = 25'C 16 28 16 28 mVrms
1%T= 25C 8 14 8 14 mVrms

-OC 13 mVrms
, 55C 10 mVrms, 70'C 15 mVrms

= 125'C 12 16 mVrms

Ostorlon Deviation: 1% to 8% I 1 1 %
S gnal to nose ratio Std. condition, 1% to 10% de. 40 40 dB
AM rejection Std. condition, 30% AM 35 35 dB

Demoduls'ed Output at Modulation frequency: 1KHz
operating voltage f= 5MHz, Input deviatiOn: 1%

Vcc .4.5V 7 122 r~msVcc . 5,V 8 14 8 4 mr

Supply current VCO= 5V I1, 1,O 1 45 60 45 60 mAo°tout
"I" Output leakage current Vour = 5V, Pin 16, 9 1 20 1 20

0- Output voltage tou f = 2mA, Pin 16, 9 0.3 0.6 0.3IouT = 6mA, Pin 16, a 0.4 0
.8 0.4

TYPICAL PERFORMANCE CHARACTERISTICS
LOCK RANGE vs SIGNAL INPUT VCO C APACITOR vt FREQUENCY SE/NE 564 TEST CIRCUIT

I -0- -0- 0

.A

F .0 . 0. , . r , , ,c ,,, r

10''010 1

07 O| 0 a 10 +1 1 1 3

004044,.ZE LOCK XAAflO

11-6 Signetics
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A' A CGDv SON JUNE 1983

PHASE LOCKED LOOP NE/SE564

TYPICAL NORMALIZED VCO TYPICAL NORMALIZED VCO NORMALIZED VCO FREQUENCY
FREQUENCY AS A FUNCTION OF FREQUENCY AS A FUNCTION OF AS A FUNCTION OF TEMPERATURE

PIN 2 BIAS CURRENT PIN 2 BIAS CURRENT

0 -~ I -~ .~*,sC:- NT -00.1..

", S. ,

-*W p.A - am30 -11 O fo0 -&W0.A -00 -7wC 0 .20 000 -W - 0 26 N aI 1m 12

w I CLAW- 6.1 -a AS CL*E0 .J .* 2 *N~~t! N

VARIATION OF THE PHASE COMPARATOR'S VCO OUTPUT FREQUENCY AS A FUNCTION OF
OUTPUT VOLTAGE VERSUS PHASE ERROR INPUT VOLTAGE AND BIAS CURRENT (Ko)

AND BIAS CURRENT (Ko)

..1.. djtj
iT

V i a

II

Signetics 11-7
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CD4067B, CD4097B Types

* 0%

TUNOFTURN-ON I0%

he ~C '-5' 

0 
'fi

TUNI TIE r TR-F TURONTM

CL- - 0I)

TO

- TO

TO

TO

To

TO

C0IO 'ROOCTO, 0(TO~c

Its ALL INPUTS PROTECTED DY

COS/WOS PRtOTECTION 4.(TW08%

)Pg. 76- C04067iog'C d,aq,amn....
Fog f7-C04097 logic diagram

235
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CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS (Cont'd) TEST CIRCUITS (Contd)
TEST CONDITIONS

CHARAC. V, YIA

Cutf See 10
[- da, 14

Frequency 1 V V05 at Common OUT/IN 20
Crrannel ON 20109 -- 3 d8 B
ISne Wave Vj1  V05 at Any Channel 60

Harmonic 30 10 10C~O
D~trn 5* 15tatat

Ti-iC
1, 1 kHz sine wave "

5" 10 11

Feeathrrough V/N CD4067 20
Frequ.ency 20 s V0 at Common OP.T/l C04 097 -12
All Channels 20log -- 40 dB MHza

IOF F VsV 05 at Any Channel 8 11 a)
4 20
a 10

Signal Cross. Between Any 2 Channelsa I
talk (Fre. V0 !etw een Measured on Common 10 ,

quency at 20 log -40 d8 Mtctnsz
-40 dB) V, C04097 Measured on Any

Address-or. VSS-0. trt-20 ns,Fi.0-Oorcn egcan.
Inh~bt-to. VC=VDDOVSS 75 eakI
S.9na (Squatre Wave) (Pa
Crosstalk

VOD-VSS
Pehak to peak Voltage aytmI,~ bout

Worst coa.vo4

Bota nd% of channel,

S 20

V" 9

a I UrOT

:0 0

2340
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I7

CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS (Cont'dI TEST CIRCUITS

F ' LIMITS at Indicated Temperature (IC)
CHARAC. CONDWTIONS Vaias at -55,-26 .125 Appy to D. F, K. H. pkg
TERISTIC f Valuet at -40,+25,i85.apply to E kg" Units 100

Vis VSS V 0 0  -5 -40 '85 +125 +25 0

(VI (V) IV) Min I . Typ. Mai .

Input 4 2 1I

Current. VINs0 8 V 8 ±0.1±071 I -- 110
- 5  10.1 /.A

7ropaigation fRL410 K!,CL- . ,

Addrest or "50 pF, I If -20 1i .- o It

Intwt-to. - - 325 650
SgnaI OUT ~ 1 04 t-- - - - 13 7
Cianne1 1 015f71n
S...ng ON)I - - 95 190

Ad, oI 0 1RL'300 II.CL-
Inn ,, I to 50 pF,. t,,i, 20 n, . [

S,9nl OUT 0 5 220 440
Channel iiv0 10 9 - ! 00 180 ns

luir ng 4 .
O FF 0 o 6_- - - -5 _3o. .. .4- - , --

Input 1vI '

Capacl- .ny Address or -. . . . . 5 7.5 pF t ,
tance, CIN Inhibit Input *o s _

MAXIMUM RATINGS, Absolute-Maximum Values: Fig. 7-OFF channel leakage current-nv channel OFF.
DC SUPPLYVOLTAGE RANGE, IV 00

(Vollaget reforenr~d to VcS Terminal) ... ......... -0.5 to 20 V

INPUT VOLTAGE RANGE, ALL INPUTS ...... ............. 5- to V0 0 .0.6 V
DC INPUT CURRENT, ANY ONE INPUT ..... ............... . ±10 mA
POWVER DISSIPATION PER PACKAGE (PD);
Foe TA - -40 to .60

0
C (PACKAGE TYPE El .... .............. 500 nW

For TA - +60 io 485
0

C (PACKAGE TYPE El ........ Dersa. Linearl, at 12 mWV/
0

C to 200 mW
For TA - -55 to '100*C IPACKAGE TYPES D, F, K) ......................... ... 500 mW
For TA .100to +125-C (PACKAGE TYPES 0. F, K) . Derale Linearly at 12 mW/C to 200 mW

DEVICE DISSIPATION PER OUTPUT TRANSISTOR .Se as
FOR TA - FULL PACKAGETEMPERATUR E RANGE IAI'Pbckage Types) ..... 100 mW 2

OPERATING-TEMPERATURE RANGE (TA).
PACKAGE TYPES D, F, K. H ........... ........................... -55 to +125C 50

PACKAGE TYPE E .......... ................................ ..- 40 to -851C 11
STORAGE TEMPERATURE RANGE ITi.g .... ........... --. -65 to .150

0
C 8 g

LEAD TEMPERATURE (DURING SOLDERING):
Ardlfanc 1/16 t 1/32 rich (1.59 ±079 mml from Q;.il for f0s , i... . . . .. .. . +265

0
C 44$ , -o

'v

II No

Ioa 1 1 1

2o o ,5
t-1 iii C

,n. 0u 
4
I tltUii

Fg 8- Input volfaea-mease <2 uA on all OFF channels
(e g , char nel F2). Fig 9- OFF channel leakage curranr-all channels OFF
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CD4067B, CD4097B Types

ELECTRICAL CHARACTERISTICS SUPL vq##s Q1 .osaeil- ~
4 ~LIMITS at Indicated Temperature 10C) ~

CHARAC. CONDITIONS Values at -55, -25, -125 Apply to OF. K H pkg Units 2
T ERiSTIC Values at -40.t25,"8 5 .apply to E pig

V55  VDD 55 1-40 +85 -125 +25 .II.. . . . . . .. . . . . . . . . . . . . .

IV) IV) 1 VI Min. Ty. Max.
I SIGNAL INPUTS (V, (AND OUTPUTS (V05(

Qouiecent 5_______ 55 5 10 1150 - 004 5 0
Device Cur 10 1 I0 1 0 Ai

rn,100, 1_____ 15 20 1 20 '600 60 - 0 4 2 4 .

Pa. T 20 100 1 100 13000 300 008 100 Spur 1111116( 5,l
rQN1 1515 He .- NIII

5ista01 Fig. 3- Typical ON resistance vs. input signal

Vss< 8____ 00 850 1200 : 1300 - 470 1050 voltage (all types).

r"<VD 0a 
1  

21 30 1 52 5- 12 80 400s~~ ntIIlg si

Resistancel _ I -

(Betweenla
Any Two i 0 5
Channels) - - -

on 0 15
0 " Chan

nelLe-
age Cur. s

rent Any
Channel o .85 e1'0 - ±01 1±0 Is -

OFF Max. 0 18 100, 1c0 0110"n
or
All Chan- Fig. 4- Typical ON resistance vs. input signal

neis OFFVoltage fail types).

I(Common
OUT/IN)

M"C 1 S~UPPY OLAGE Ivoo - lSS -15 V
tC , actance:

input, Cis

output. o

CD4097 .35____

Feeo l
rough, -' 

7  t 06 o~~,-

Propaga
lion Delay VOID C,.-t::- 15 1 3 ns "PT10LVOAG y - usa-,Time Sig I L50 pF 10

nal Input .J'L - t=On 0 2 Fig. 5- Typical ON resistance vs. input signal

CONTROL (ADDRESS or INHIBIT)VC Mio lot/l types.

Voltage. to VSS 10 3 3± Pla~iefT (il-tli

VIL Mae thDO 11 <2u T1 4 v 4w oo--

0.1ije al OFF ZV

e~t 10T7 h7T

a0 75 1 .1 0 .1

,1Jt Min.. IO Twe ivI
15n 11 411

Fig 6-yialO 7-sac v.sou g
voita. :al typ-s7

00S
232 Mnllb ~,M mfail ekgemauaratfr uo ai oln
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CD4067B, CD4097B Types

CMOS Analog re.-o

4 Multiplexers/Demiultiplexers1
High-Voltage Types (20-Volt Rating) Features: : . .

CE)4067B - Single 16-Channel TO Low ON resistance. 1250 f1typ.) over 15 alis is

Multiplexer/Demultiplexer Vp.p signal-input range for VDD-VSS-1 VlS-1
CD4097B - Differential 8-Channel a High OFF resistance: channel leakage of a i s

Multiplexer/Demultiplexer ±10 pA Ityp.) @ VDD-VSS-10 V 5

a Matched switch characteristics: RON5S1 1 Cyp.) A-10 5.ni

for VDD-VSSl15 V I 4 -c

The RCA-C04067B and C040D9713 CMOS a Very low quiescent power dissipation under 3 -

analog mnulsipleiiers/demultiplexers *are digi- all digital-control input and supply conditions: C"0670aoer
tally controlied analog Switches having low 0.2 pW Ityp) VDD-VSS-10 V~ Tew.AsRa-sWit

ON impedance, low OFF leakage current, and a Binary address decoding on chip 11
internal address decoding. In addition, the a5V 0V n 5Vprmti aig
ON resistance is relatively constant over the a 100% tested for quiescent current at 20 V
full input-signal range- is Standardized symmetrical output
The CD4D67B is a 16-channel multiplexer characteristics4with four binary control-inpots, AB,C.D. and *Maximum input currant of 1 )jA at 18 V
an inhibit input, arranged so that any corn over full package temperature range; 1* oa4a 5 00~

bination of the inputs selects one switch. 100 nA at 18 V and 25
0

C 2 55The CD4097 is adifferential 8-channel muli- U Meets all requirements of JEDEC T nt ative Itaplexer having three binary control inputs A, Standard No. 1 3A, "Standard Specifications 5 asa

selection of one of eight pairs of switches. Clou

A logic "' "gresent at the inhibit input turns Applications: OUT1co
all channels off. Or Analog and dligitall multiplexing and demultiplexing 411 i 1 OUT

Thte CD4067 and CD4097 aresaupplied Inl 24- s A/D and D/A conversion .0 a Is rJ esu

lead dlual-in-line welded-saal ceramic peack- a Signal gating a 1 14 i

ages (D suffix), 24-lead dual-in-line frit-seal Vasa .. *suuIT

Ceramic packages IF suffix), 24-lead dual-TOVi
in-line plastic packages (E suffix), 24-lead nalSi. kw

ceramic flat packages (K suffix), and in chip
form (H suffix).

When these devices are used aff de.1flil~i, 0T3 osew
in.t channel n/out tarmifalsi the outpult a ____I__ OF____I______0_______
ins, common oat/in terminals are she nnals.

Recommended Operating Conditions at I t-..
TA - 250C (Unless Otherwise Specified) It-

For maxinum reliability, nominal operating Fiji I - C(14067 fuanctional diagram __j

4 conditions should Liu selected so thit opera-~
tion is always within the following ranges.0
Values shown apply to all types except as
notred

Characteristic Min. Mae. Units
ISupply Voltage Range vl 2

ITASFuII Package. 3 18 V CD4067 TRUTH TABLE n5.O95-'*u

Temp. Range)

MvultiPlexer Switch Input - 2 mAA a C o in"Oh~ n Fig. 2- C04097 funlct~iol dfifegnn.

ICurrent Capability 25 rn X I e I Nn

Output Load Resstance 10 0 0
NOTE1 0 i ii 0 0 1

iv cetian applicaioCns, the exitnai ioadoestof I I- t 1~~ 0R~ TABlecea~n h ,ncludte both VO and ig~ nit 0 0 4 a ~ ~ e
copnnsTo enod araxin V 0 0 curn whe I i Al c 7* Oti

twitch currentt fjows ,nto thetrianimisol' gaie 0 i 6 x x Naone
np,si the voitage anon across ihe bdc.,Ctonhl----------n-------

swthmast not exsceed 0 a volt lcaicuiaied from 5~ 0 0 0 0 xo0y
RON~. values shown~ .i ELECTRICAL cHARACL 00o a l 0 0 ix.IY

TE HISTICS CH-ART). No V 0 0 carrent w-ii flow ~I !0 I U 0 2X, lv
thfaigh RL if the svitch current liovmi inio a 1 o

l~~iiflflai~~~' Io v f46 niss7ad5 nI I C I it 1~ 0 0 3X3Y

04 i9 7. If ) 0 1 0 4X,4yat I ont th tD07 to-no 0 17o 7ex.5v

1 0 15 1 0~ 7x, 7Y
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Typical Performance Characteristics (LM2902 only)

g Input Current Vtlsa Gain

._J .ee-

25 2

S 14

V'. - SUPPLY VOLTAGE N.) Y' - SUPPLYV OLIAGI (N.)

4N
:2 Application Hints

The LM124 series are op amps which operate with only be used, from the output of the amplifier to ground to
a single power supply voltage, have true-differential increase the class A bias current and prevent crossover
inputs, and remain in the linear mode with an input distortion. Where the load is directly coupled, as in dc
common-mode voltage of 0 Voc. These amplifiers applications, there is no crossover distortion.
operate over a wide range of power supply voltage with
little change in performance characteristics. At 25"C Capacitive loads which are applied directly to the outputamplifier operation is possible down to a minimum Cpctv odwlhaeapiddrcl oteotu

of the amplifier reduce the loop stability margin. Valuessupply voltage of 2.3 VDC. of 50pF can be accommodated using the worst-case non-

inverting unity gain connection. Large closed loop gains
The pinouts of the package have been designed to or resistive isolation should be ued if larger load
simplify PC board layouts. Inverting inputs are adjacent capacitance must be driven by the amphiir.
to outputs for all of the amplifiers and the outputs have(alsoc been placed at the corners of the package )pins 1,
7, 8, and 141. The bias network of the LM124 establishc; a drain

current which is independent of the magnitude of the
Precautions should be taken to insure that the power power supply voltage over the range of from 3 Voc to
supply fcr the integrated circuit never becomes reversed 30 V0 €.
in polarity or that the unit is not inadvertently installed
backwards in a test socket as an unlimited current surge Output short circuits either to ground or to the positive
through the resulting forward diode within the IC could power supply should be of short time duration. Units
cause fusing of the internal conductors and result in a can be destroyed, not as a result of the short circuitdestroyed unit. current causing metal fusing, but rather due to the large

increase in IC chip dissipation which will cause eventual
Large differential input voltages can be easily accom- failure due to excessive junction, temperatures. Putting
modated and, as input differential voltage protection direct short-circuits on more than one amplifier at a time
diodes are not needed, no large input currents result will increase the total IC power dissipation to destructive
from large differential input voltages. The differential levels, if not properly protected with external dissipation
input voltage may be larger than V* without damaging limiting resistors in series with the output leads of the
the device. Protection should be provided to prevent the amplifiers. The larger value of output source current
input voltages from going negative more than -03 Voc which is available at 25'C provides a larger output cur.
(at 25'C). An input clamp dode with a resistor to the rent capability at elevated temperatures (see typical

performance characteristics) than a standard IC op amp.

To reduce the power supply current drain, the amplifiers
have a class A output stage for small signal levels which The circuits presented in the section on typical applica-
converts to class 8 in a large signal mode. This allows the tions emphasize operation on only a single power supply
amplifers to both source and sink large output currents. voltage. If complementary power supplies are available,
Therefore both NPN and PNP external current boost all of the standard op amp circuits can be used, In
transistors can be used to extend the power capability of general, introducing a pseudo.ground (a bias voltage
the basic amplifers. The output voltage needs to raise reference of V+/2) will allow operation above and below
approximately I diode drop above ground to bias the this value in single power supply systems. Many apptica-
on-ch~pvertslal PNP tranststor for output current sinking tion circuits are shown which take advantage of the wide
applications. input common-mode voltage range which includes

ground. In most cases, input biasing is not required and
For ac applications, where the load is capacitively input voltages which range to ground can easily be
coupled to the output of the amplfier, a resistor should accommodated.
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( Typical Performance Characteristics

Input Vallejo Range Input Current Supply Current>

:D -
3 V.

CESAYIVI10 i
- ~~~ rosiv -it C-- *l

A to It it 31 
1
6 a25 41, I Is li to 20 ii

V* t --POWNE SUPPLY VOLIA5[ I.Vocl T. - TEMPERATURE (CI V' - SUPPLY VOLTAGE IVccl A3  .

Open Loop Frequency Common Made Rejection>
Voltaga Gain Response Ratio

its 14t 122

I i I I R, -20 hit o10 t
5 It IIt i i111 $

-' it, A 11

it H 06 0 k %i

10 T 10 To O lo h ook 1 .0111MAM ~O %1111 I lk ook T11
- uivvl~G VlI - FREQUENCY (K. -FEQECY(i

Voltage Follower Pulse Voltage Folowiv Pulse Lerge Signal Frequency
Flreonse Reaponse (Small Signal) Response

2. 2

riME1 Mill I IFEUE I N1

I Is 20 20 40 3 4 k 1 7 1l o o

oputChaaertcsOtu Chaatrstics
C-i Soucn Curnaikn Currant Limiting

P 60

7715

=i Is

lot III 05 t 000at aa I 1 1 0 -a11-31 -il 1 i Ii sa416 loaim1
I.* - OwTPUt SOURCE CURRENT I.A 5.I (a OUTPUJT tINK CURENT IC 5 .T* TTEMPERATURE 1*Cl
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I Naional Operational Amplifiers/Buffers
£ Semiconductor

C)

" ILM124/LM224/LM324, LM124A/LM224A/LM324A, LM2902
IN Low Power Quad Operational Amplifiers

< '4 General Description Advantages
iI The LM124 series consists of four independent, high 0 Eliminates need for dual supplies

g, internally frequency compensated operational am- 0 Four internally compensated op amps in a single
j 15; plifiers which were designed specifically to operate from package

a single power supply over a wide range of voltages.
Operation from split power supplies is also possible and 0 Allows directly sensing near GND and Vou T alsoJ the low power supply current drain is independent of the goes to GND

41 magnitude of the power supply voltage. 0 Compatible with all forms of logic

N Power drain suitable for battery operation
Application areas include transducer amplifiers, dc gain
blocks and all the conventional op amp circuits which Features

' '* -j now can be more Easily implemented in single power 0 Internally frequency compensated for unity gain
supply systems. For example, the LM124 series can be
directy operated off of !he standard +5 Voc power E Large dc voltage gain 100dB
supply voltage which is used in digital systems and will 0 Wide bandwidth (unity gain) I MHz
easily provide the required interface electronics without (temperature compensated)
requiring the additional zI5 Voc power supplies. R Wide power supply range:

Single supply 3 Voc to 30 Vo c

or dual supplies ±1.5 Voc to t15 Vnc

a Very low supply current drain (000pA) - essentially
Unique Characteristics independent of supply voltage (11 mW/op amp at

C a') g U In the linear mode the input common-mode voltage +5 Voc

range includes ground and the output voltage can also a Low inpu. biasing current 45 nAoc

swing to ground, even though operated from only a (temperature compensated)

single power supply voltage. • Low input offset voltage 2 mVoc
and offset current 5 nAo¢

o The unity gain e;ross frequency is temperature S Input common.mode voltage range includes ground
compensated. Oifcrential input voltage range equal to the power

supply voltage
a The input bias current is also temperature * Large output voltage 0 VDC to V' - 1.5 Voo

compensated. swing

Connection Diagram Schematic Diagram (Each Amplifier)

Duals-InLine Package

*iU vtl * I Us? " iTOUT 4' GN iPu 
' 
IIPUT), OUTPUT 3

vsa

I So Uv -- 22,
Clut's? i AnllT ri nr llq!I " ll~rI lp i UPi

is.

Order Number LM124J, LM124AJ,

LM224J, LM224AJ, LM324J, --
LM324AJ or LM2902J
SXSee NS PackageOJA

Order Number LM324N, LM324AN

or LM2902N
See NS Package N14A

3-172
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ANALOG DIVISION JUNE 1983

4 PHASE LOCKED LOOP NE/SE564

PHASE COMPARATOR (PINS 4 AND 5) AND FSK (PIN 16) OUTPUTS FOR DATA RATES OF

" 4

(a) 20K BAUD (b) 5OK BAUD

0 tooII

eI, 1-

NtOT Ic.-ira iz
so...t r.c-m,. is (c) 2.OM BAUD

Figure a

Signetics 11-11
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ANALOG DIVISION JUNE 1983

PHASE LOCKED LOOP NE/SE564I

The loop filter diagram shown Is explained MODULATION TECHNIQUES Figure 5 Shows a high-frequency FSK de.

by the following equation: The NE564 phase locked loop can be modu- coder designed for input frequency devi-

lated at either the loop filter, ports (ping 4 ations of ± f.0M1Hz centered around a free-

s and 5) or the input port (pin 6) as shown in running frequency of 10.8MHz. The value of

+ RC3  figure 4. The approximate modulation fre- the timing capacitance required was 'est-
R - R12 - R13 - 1.30 (INTERNAL) quency can be determined from the frequen- mated from figure 8 to be approximately

cy conversion gain curve shown in figure 5. 40pF. A trimmer capacitor was added 1o fine
1y adding capacitors to pins 4 and 5, two This curve will be lippropriase for signals tune to' to 10.8MHz.

pols are added to the loop transfer function injected into pins 4 and 5 as shown in
*.1 figure 4. The lock range graph indicates that the

at W - ± 1.0MHz frequency deviations will be within
RC3 the lock range for Input signal levels greater

FSK Demodulation than approximately 50mV with zero pin 2 bias

APPLICATIONS The 564 PLL Is particularly attractive for current. While strictly this figure Is appro-
FSK demodulation since it contains an inter- priate only for 5MHz, it can be used as a

FM DEMODULATOR nal voltage comparator and VCO which have guide for lock range estimates at other I.'
The NE564 can be used as an FM TTL compatible inputs and outputs, and It frequencies.

demodulator The connections for operation can operate from a single 5 volt power sup-
at 5V and 12V are shown in figures 2 and 3 ply. Demodulated dc voltages associated The hysteresis was adjusted experimentally

respectively. The input signal is ac coupled with the mark and space frequencies are via the 10kil potentiometer and 2k bias ar-
with the output signal being extraCted at pin recovered with a single external capacitor in rangement to give the waveshape shown in

14. Loop filtering is provided by the capac,- a dc retriever without utilizing extensive ItI- figure 7 for 20K, 500K. 2M baud rates with
tors at pins 4 and 5 with additional filtering taring networks. An internal comparator, square wave FSK modulation. Note the Mag-
being provided by the capacitor at pin 14. acting as a Schmitt trigger with an adjust- nitude and phase relationships of the phase

Since the conversion gain of the VCO Is not able hysteresis, shapes the demodulated comparators output voltages with respect to

very high, to obtain sufficient demodulated voltages into compatible TTL output levels, each other and to the FSK output. The high

output signal the frequency devistion in the The high frequency design of the 564 en- frequency sum components of the input and

input signal should be 1% or higher ables it to demodulate FSK at high date VCO frequency also are visbli as noise on
rates In excess of t.OM baud. the phase comparators outputs.

10.8MHz FSK DECODER USING THE 564

ISO

Figure 5

11-10 Signetics
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ANALOG DIVISION JUNE 1Q83

PHASE LOCKED LOOP N/SE564

temperature coefficient due to the positive effectivety changes the gain of the dilleren As shown in the equivalent schematic, the
temperature coefficient of the monolithic re. tial amplifiers This can be accomplished by dc retriever is formed by the tranaducltnce
sistor To compensate tor this, a current IR introducing a current at pin 2 mplifier 042-043 together with an exter.
with negative temperature coefficient is in nal capacitor which is connected at the am-
Iroduced to achieve a low frequency drilt Post Detection Processor pliher output (pin 14) This orms an integra-
with temperature Section tor whose output voltage is shown in the

The post detection processor consists of a following equation:

Phase Comparator Section unity gain transconductance amplitier and v Equation 3
The phase comparator consists of a double comparator The amplitier can be used as a C2

balanced modulator with a limiter amplifier dc retriever for demodulation of FSK %,i gm P tranconduclance of the aimpifier
to improve AM relecthon Schottky clamped nals. and as a post detection tiller tor linear C2 F capacitor at the oulpul tpin 14)
vertlical PNPs are used tO obtain TTL level FM demodulation The comparator has ad Vin w signal voitasg at Implifier input
Inputs. The loop gain can be varied by juslable hysteresis so that phase lilter in the
changing the current in 04 and 015 which Output signal can be eliminated. With proper selection of C2 . the integrator

lime constant can be varied so that the out
put voltage is the dc or average value of the

FM DEMODULATOR AT 5v input signal for use in FSK, or as a post
detection filter in linear demodulation.

The comparator with hysteresis Is made up
I. LocK ANGE ADU STME Of 4g-050 with positive feedback being

a 010 provided by 0,7-0,s. The hysteresis is

2J varied by changing the current in 052 with a
tLOO PiLS5 resulting variation in the loop gain of the

I'M IPU rupu Ir ' I 4 a10 comparator. This method of hysteresis con-

-~-- " -- t ,rot which isa dc control, provides symmel.

$iAS ILTRE i s "a-- '6 ANALOG :UT ric variation around the nominal value.

-- ir Design Formula
15- - The free running frequency of the VCO is

i"; v, /shown by the ollowing equation:

,elo4UNCI sW Cur 25 RC (Cr + CS) Equation 4

Pe - 10011
C1 - efal rnl Cap in Isreds

5V IV Ca i stray capacitance

Figure 2

FM DEMODULATOR AT 12V MODULATOR

o r., cpu......•O ......O1 .I- N OVID FINE ,,QU
.. . ...... N

/ Is. - -
e 

I

r I.PI.S t

Figure 3 Ftgure 4

SJ
Signeics 11-9
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ANALOG DIVISION JUNE 1983

r PHASE LOCKED LOOP .. NE/SE564

FUNCTIONAL DESCRIPTION avoid the use 0t complicated filters, a com- can be eliminated if the dc or average value
(figure 1) parator with hysteresis or Schmitt trigger is of the signal is retrieved and used as theThe NES64 a a monolithic phase locked required With the conversion gain at the reference to the comparator. In thia manner.loo NEwh i a ostodetectio paloc kTed VCO tixed. the output voltage as given by variatione in the dc levels of the PLL outputloop wtdh a post detection processor. The

use ot Schotlky clamped transistors and op. Equaton t varies accrrding to the trequen- do not affect the FSK output.
timized device geometries extends the fre- cy deviation Of fin from lo Since this difers

quency at operation to greater than 50MHz. ftrm system 1o system, it is necessary thet VCO Section
In addition to the classical PLL epplications, the hysteresis of the Schmitt trigger be ca. Due to its inherent nigh frequency perform.
the NE564 can be used as a modulator with pable of being changoJ, so that It can be ance, an emitter coupled oscillator is used in
a controllable frequency deviation, optimized for a particular system. This is the VCO. In the circuit, shown in the equi.

accomplished inr the 564 by var>ing the volt- valent schematic, transistors 021 and 023
The output voltage of the PLL can be written age at pin 15 which results in a change of with current sources 025-028 form the ba.
ss shown in the following equation: the hysteresis of the Schmitt trigger. sic oscillator The Iree running frequency of

1, - ta Equthe oscillator is shown in the following equa.

0 For FSK signals, an important tactor to be ion:
KVCO a conversion g lnofthe VCO considered is the drift in the free running t

f 25 R (Cr + C a) Equation 2
fi - frequency of in input tvgnl frequency of the VCO itself It this changes

to  - Ires funning frequency of the VCO due to temoeralure, according to Equation I PC - Rig - R20 - r001t (INTERNAL)

The process of recovering FSK signals in- it will lead to a change in the dc levels of the C1 - external frequency ahing cpacitor

voves the conversion of the PLL output into PLL output, and consquenlfy to errors in Cs . stray capacitance
Slogic compatible signals. For high data the digital output signal. This is especially Variation at Vd (phase detector output volt-
rates, a considerable amount of carrier will true for narrow band signals where thq devi- age) changes the frequency of the oscilla-
be present at the cutout of the -LL due to ation in t in itself may be less than the tor. As indicated by Equation 2. the Irequen.
the wideband nature of the loop filter. To change in to due to temperature. This eflect cy of the oscillator has a negative

EQUIVALENT SCHEMATIC

I I '

- - - -- - - - - - . . .- - - ---.....

r*pf Li . I J o,.. ... . . =.....-------------

I ',

-] -q -i --L -- ---

;D.3

04

--. - -, - - - -i - - ' - --f -"1 -?

-. - ' -, 1- -. - - -, - - - -,

,, ~ ~ ~ ~~~ ~~~~~~~~~1- F 
i o -oa]:,[Il . ... " .

- - - - - - - - - -

Figure I
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CD4O2OB, CD4024B, CD40408 Types

CMOS Ripple-Carry Features: lt

BiayC u te/ iie I Medium-s1peed operation 4o

Biar C unerDiid rs 11 Fully static operation
Hig-Votag Tpes(20Vot Rti to 100% tested for quiescent current at 20 V us

C040208 - 14 Stage 0 Standardized, symmetrical output characteristics 0

C42B- 7 Stg Fully static operation 07~ cc
CD4024B Stage Common reset '-"~

CD4040B - 12 Stage 0 5-V, 10-V, and 15-V Parametric rating, a'

RCA-CD40208, CD40246, and CD4040B 4 Maximum input current oil 1 iA at 18 V
are ripple-carry binary counters, Allcite oLral pcaetmprtr anes~e

stages are master-slave flip-flops. The slate 100nA as 18V and 25 C RS

of a counter advainces only count on thie 6 Noise margin (uver full package-temperas.crs~a
negative transition of ieach input pulse: a hty ture range): 1Va 0  000
level on the RESET line resets the counter to 2 V at VD0 - 10 V U CNDIAGRAM

it all zeros state. Schmitt trigger action on 2.5 V at VDD -15 V
the inpu! pulse line permits unlimited rise 0 Meets all requirements of JEDEC Tentative
and fall times. All inputs and outputs Standard No. 13A, "Standard Specifications
are buffered.frDecito f''SisCMSeves

The CD40208 and CD40408 types are foppeciptiono 1'Srf$ SDvcs

supplied in 16-lead hermetic dual-in-line ApCntlconts: *eunydvdr
Ceramic packages (D and F suffixes). 16-lead CoTnersl contr TimFe-delay ciiris
dual-lIn-lina plastic packages lE suffix). 16- StTmr Iiedlycrut

lead ceramic flat Packages 1K suffix). and in..U
chip form (H suffix). a-sex

* ~~The CD4024B types are Supplied In 14-lead er '"
hermetic dual-in-line ceramic packages (Dcer0e
and F suffixes), JA-lad duadl-in-line plastic CO.A.

packages (E suffix), 14-lead ceramic flat j
Packages (K suffix), and in chip form (H-
suffix).

IWAXIMUM RATI NGS, Absolut-Mpyimwrs Values: 5

* DC SUPPLY-VOTAGE RANGE, IVDDI v4045

IWolragei referened ro VS Tormireil-------------------------------- . .2 . ~ FCTIONAL DIARA

INPUT VOLTAGE RANGE, ALL INPUTS-------------------------------NALo VIA40.5M
DC INPUT CURRENTANY ONE INPUT------------------------------ -5--------O V

POWER DISSIPATION PEA PACKAGE (PDI: ......... 20M

For TA - -40 ro -600C IPACKAGE TYPE El.............................5wmw

Por TA - v60 so +85
0C (PACKAGE TYPE El-------------Densto Linearly at 12 mwlCC to 200mlio

Po -A -55 to -100*C (PACKAGE TYPES 0. F, K(................ .. . . S0W
For 

T
A - #1001 to 125-C PFACKAGE TYPES D. P. KI . .. Darer. Lineariy et 1 mW1V

0
C to 200 mW

DEVICE DISSIPATION PER OUTPUT TRANSISTOR01FOR TA - PULL PACKAGE-TEMPERATURE RANGE fAll Package Types)l.......100mMn
OPERATING-TEMPERATURE RANGE ITAI.5)

PACKAGE TYPES 0, P. K. H1.. .. . . .. .. .. .. .- 55 to +1126
0
Cirp

PACKAGE TYPE E...................................-40 to .850C s
STORAGE TEMPERATURE RANGE IT,,,).........................-65 to +1 5

0C 0
LEAD TEMPERATURE (DURING SOLDERING); -- a

Ar distance f/t6 1 1/32 ichv If 59 1 0 79 min Item case for t0s maxe.. ............ 25
0

C 5-75t--

TERMINAL ASSIGNMENTS

CD46202B CD40248 CD404QBeis8oea
C 04040

-91 RES TC 50 i5 v
5

t Ii FUNCTIONAL DIAGRAM

C4 Goc-, ~ 0 i

-(SI 055
oz 027 '0 *

YOP * 0 a E lir5 oeve
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CD4O2OB, CD4024B, CD4040B Types
RECOMMENDED OPERATING CONDITIONS at TA - 25*C. Unless Otherwise Specifieda0
For maximum reliability, nominal operating conditions should be selected so that operation
is always within the following ranges: ____

CARACTERISTIC V 0 0  Mi._ax _UIT

Supply Voltage Range Cat TA FulPcae

1 K 35
I1nput-Pulse Frequency.1 0 IRTS.EO,

5 - Fig. 4-Dri ftp flip flop ctopa.

T 140 -
input-Pulse Wdth, 1 10 60 - n

5 15 40 -

Input-Pulse Rise or Fall Time, 10~ Uniie P5 It i :1

Roset Pulse Width, tW 10 200 nsn

Reset Removal Time, 10 15,:n
______________ 15 100 - U

-r

7gPF, FT, 'tp. 5 yps"a output low (sink) curreelt
charaterCistics.

RFF3-FF13

PROT ECTLO BY' 4
COS/WO3 PROTECTIONCi sG ,trOAK 014

Fig. I- Logic diagram for CD40205. .:.

----------------------------------------- I
I011 a 40 03 Osa~r 67~r

:~ ,, , , , ! n . .

0 a- It ?5f I I i Vi

PROTCTE BYFig. 6 - Minimum output low tainki current
COu5 .. o cthaecrrimutca.

I OSO PROTECTION l

01 G0 01 06 0

Fig. 2 - Logic diagram for CD4024A. a* 0 -9 a

_6411 "i t T i r " 2 I
:H,, !T I j

0wrcu _13 3., .*

0, 4.111

Fig, 3 - Logic diagramr for C040408, Fig. 7 - rpical output hig Iaourcirl currwn

Choaral; fr's (C.
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CD4O2OB, CD4024B, CD4040B Types

STATIC ELECTRICAL CHARACTERISTICS

ILIMITS AT INDICATED TEMPERATURES (0CI -ifir( CONDITIONS veiues at 55, .25, -125 Apply to D. F. K. H P'ackaes , 5*CHARACTER. Vau.-40, +25, +85 Apply to E Pacag UNIT -- k--'

(VO 25 11 Tp !I, FI .I.

* uesciert Device . , sss 10 IO,- 0.04 5
Current. t:~O~3030!- 04 t

0 0 max. T~TT! 1 T
0,20 1 20 100 1 100 1_________ 3000 30 o08 10

Output Low 0A4 0.5 1 5 1064 106 1 042 Do 0 ~ 36 AL 'T
05t Cren ~ 0.10 10 1 6 , 1 1 0.0 13 2,

IO ... 15 0,15 115 42 4__ 28_ 24__3_4__68_1

Output High 46 10,5 5 -10641 -06 -0 42 -0. 36 1-0 5 -1 F "A Fg. 8 Minimum output higir (eomm u fe
(source) 2.5 F0. 5 -2 1 A -1 3 1 151-I.6 -3? 7_ charactrerstcs.

cuff ent, F~~C~ r5-1 1 -09 1-1 3 F-2.6 -_____

13 5 Mn.5 15F -4T 2T -4  -28 -2 4 r-3 4 -6(t 8E*r
Output Voltage: 1 t 0 5 5 0 0.05 ...........

Low Level. -i~~ 0 . H__ .1o 15 005 0 00 .I-i rj*
VO8 Leul 0.15Ot 1059 1)

Output Volta"t: - 0.5 5 495 1 4 951;
VOH Mmn. -oiT1145isV

Inut L15 051 1,5 14 .95 ... - ... ......:~ ... ... K ..

__ _3 - - 3
_______ _ 15,13.51 n 4 so , I~ '

InutH 5. 4.5 5 1 3 5 -3 - Vtl ;:!.ui ;12ui
voltage, 1,9 7 (7 0 0 QAO APACIW ICl *1 "'

VIH Min. 1,5,13.5 150t.1 Fig. 9- Typical transition tie, asa function of

rinput Current 0181la apcrane
I .18 8 !.1 -011 - o1 AA

o o 20 10 40 50 to 67

0 10 20 3040o 50 60 70 80 901IQ0108 1 1 1I
94

90
1

L 1*0

60- r&o. Eli 1
If91-99 _~*** 6

40- -. - % I -

20- 2o

(0102- 254) ~ r 10o'2

o mmnito and Pad Layvout for C040248.
Dkenwna,on, -no Pad Loor to, C0028 a,d rho ohi0 00 *plr, ., a m,,,, o , cilao ch o
pod layout for C04040QlUH ot, etnii loCC or aC) 405p h.,C) 0, 01' of .. e, who,) I,.

0,m#r,onhs ,r xieorrresc, a e ari a, "'s 8 The c W_. on .g1 1h., -d1.
are tfli.d from, rto bat c Ci'hd - - Cs 'n c 1, C 'f l., *"' Ill I~ . -""'..
d," red G, qrajd,,lou ar 00 3nh o-.ns) h O 1) hOw Trio Car -,1,d- 20 -1.0 1 CrC-

.1 -3 -1a to 1 6 in,. apt,: 80)8 to rho o.,
d~rl*flSofe shew)'
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CD4O2OB, CD4024B, CD4040B Types

DYNAMIC ELECTRICAL CHARACTERISTICS at TA -251C. Input trt 111 -20 nis.Hi
L-CL50pF, R 200 IsD f__I'll_-1__1-__-

CHARACTERISTIC TEST VD ILMISUTS 
,CONDITIONS (VI ) ii0iI

5 180YKT 360
DI Out; tPHL,1PLH 6 3

On to On 1; 1 40 80 ns Fig, 10 - Typical propgtioldiVIHboMasd

tPHL. tPLH 30--7function of load capactance
* i ________ 15 60 twQ)

Transition Time, 10 0 1j 00 ns ~ L7TM(.TI T t*
tTHL- tTLH 10 4 0 100 Jill

Tie 'tO -t 154, P

Minimum Input-Pulse10MZ PISIAOACIt-"

InpuRe use p e or Fal 10Ulmtdp Leo

Time, tPL 40 15 100 -mo

,Maximum Repet-Pulse 5 3. 807

15qenyf 30 60 1 ML .10

t ME L~~T % 00Ftg. I12- Tpldynamic power dsspaton a aui

____________________ _____ -foC040208.

15 50 00 a

nIT - U 80M L

WidthC ALL LLt,$

R ~ 1- ueset Remoal Time

112

1510 -Dnai pwr isiaio-atcrci



CD4078B Types
Features.
a Medium-Speed Operation:

tPHL, tPLH -75 ns (tYP.) at VDD 10 V
* Buffered inputs and output

CMOS8-In ut* 5-V, 10-V, and 15-V parametric ratings

N OROR G te *Standardized symmetrical output characteristics
NOO-VoR RGateg 1 00% tested for quiescent current at 20 V -

High-Voltage Types QOVl aig 5 Maximum input current of 1 IuA at 18 V
over full package-temperature rahgs: . .scsts..

The RCA-CD40788 NOR/OR Gate provides 100 nA at 18 V and 25*C 2 .. sc.5..5"
the system designer with direct implementa- a Noise margin (over full package-temperature
tion at the positive-logic 8-input NOR and range): 1 V at VD0 -.5 V ti

OR functions and supplements the existing 2 V at VDD - 10 V 2.5 V at V 0 0 - 15 V s
family of CMOI gates. a Mees all requirements of JEDEC Tentative 1*

Tn.s C040788 types are supplied in 14-lead Standard No. 13A, "Standard Specifications
--- -dual-in-line ceramic packages (D and F suf- for Description of 'B' Series CMOS Devices" FNTOA IGA

fixes), 14-lead dlual-in-line plastic packages FNTOA IGA
(E suffix), 14-lead ceramic flat packages (K
suffix), and in chip form (H sutfix).

MAXIMUM RATI NGS, Absolute-Maximum Values:
DC SUPPLY-VOLTAGE RANGE. (VoDI i H,!I

(Voltages referenced to VSS Terminal-----------------------------------0.5 to .20 V ET-CEV01CGI1
INPUT VOLTAGE RANGE, ALL INPUTS-------------------------0.5 to VD0 +0.5 VI=
DC INPUT CURRENT. ANY' ONE INPUT-----------------------------------------10 mA
POWER DISSIPATION PER PACKAGE IPDI;

For TA - -40 to +600 C (PACKAGE TYPE El----------------------------------o0mW .-
For TA - +60 to +85

0
C (PACKAGE TYPE El---------------Drate Linearly at 12 mW/

0
C so200 mW

* For T A - 55 to +.IOOC (PACKAGE TYPES 0, F. KI---------------------------500 Mil
0 A Fo TA 100o to -125'C (PACKAGE TYPES 0, F, K) .. .Detai Linearly at 112 mW/ C o 200 mW Z ,~ TI

DEVICE DISSIPATION PER OUTPUT TRANSISTOR
FOR TA - FULL PACKAGE-TEMPERATURE RANGE (Aill Package Tvpsl-----------------1mw

OPERATING-TEMPERATURIE RANGE ITAI.
PACKAGE TYPES 0. F, K. H-----------------------------------------55 to +I 26cC n.osuss

* PACKAGE TYPE E .- ..-..-----.. --. --. --. -.- 40 to +85
0C Fig. 2 -Typica output low 1snI current

STORAGE TEMPERATURE RANGE ITisgI---------------------------E to +150 0C clifiractrf.c
LEAD TEMPERATURE (DURING SOLDERING)

At Millance IYIS 1 1/32 inch 11.59 t 0.79 minI fronm case fot 10 s max. + s2650C

RECOMMENDED A

OPERATING CONDITIONS a

For maximum reliability. nominal operating
conditions should be selected so that operation

is away witin he olloingranes: , 7fiA

CHARACTERISTIC Min.!Max. Units

Supply Voltage Rainge t:s :r 7nrM~f jiT~T
For TA Full Packagel i,

Tempratre angl V "®-----~Fig. I Logic diagramn. ss,.r55 "c A 1tO4 va-

igi. 3 - mMrri 0ugpsr Aow 1aI

DYNAMIC ELECTRICAL CHARACTERISTICS cretcrrces~s

At r A 25'C;- Input rr If. 20 ns. CL -5OpF, RL 020WI

TEST CONDITIONS AL TPE t-n,-t

CHARACTERISTIC V 0  Y.II~X UNITS ( -. i

VOLTS

Propagation Delay Time,. 5 150 300 1-U~j' L ._ Tt, .i L

00 200
Transition Time. C 0 101

tTHLI TLH 15 I1 40 80

input Capacitance. CIN Any Inpur 1 5 7 5 Fig. 4 -Typichl 00r101 high IrOurcli) current

D-56
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CD4078B Types

STATIC ELECTRICAL CHARACTERISTICS ., ~ .

LIMITS AT INDICATED TEMPERATURES 1
0
C) 'tO 5Q 4

CONDITIONS Values at -55 .'25. 125 Apply to D, F, K, H4 Packages ~ ~ j'jj ~
CHARACTER. Values at -40,-25,.-85 Apply to. E Package UNT ~ ~ T"Fj 4 , F

STIC UNITS,
VO VIN VDD I;: TT~ T ~ i1i*..,.

Ouiescetit Device - I0,5 5 025 0 25 ) 5 S 0 2 .. .Cuifeni. - 0,10 10 I05 05 15 15 - 001 057
__ _ 0,15 IS I 1 30 30 - u I0

0,20_ 20 5 5 150 -0 002 V fL j
Output Lowr 04 015 15 064 1061 0 42 033 05i ~ ~ ~

IS'nkl C..rent 0 0.10. 0 1 6 1 5 1 og ~ 1 3 2 G
JL Mo IS 15~ 1T 15 4T 2i 4 28F 2--3 Fig. 5 -Minimum output highs (ourc.J

Output Hi 4.6 0.5 1 -061-061 -042 -0 36 -051 -1 1 IA Ct'*fi.HIIt

lsouCc 25 05 5 -2 -1.a -1 3 -l l5 -1 6 -3 2
95 0.10 10 -1 6 -i t j 7 CICITC5A1utI'ICC. .

I DH Min - .. ..~. ....~~~_ _ _ _ _ _ 135 0.15 15 -4.2 -4 -26 -2 4 -3 4 1-13a13 .. .. .......

Output Vollage - 0.5 5 005 10 005 11

Lcw Level. 0 10 00U05 0 ow, T

0 _______ 015 15 0405 iS o

uLpu oIln 0,45 1)45 4S 95 5 s

35H -n '5

0.15i~u~tl 101 140 905 1495 1

5- q. ;i-

10 3 5 1 0~'

_______________1____0_______ Fig. 6 - Typicl tniti alondly time

0~~~ I 8 2 1 t 1 1 1- oI....

I :! Ps,

_ _ _ _._....__...._ ... ...

Fig. 8ig. 7hme~ -~g n Typicl~ pVr o ipandlaytm
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CD4078B Types

ass Y ,if ,!

F g . 0 - v p j c & J d y n a m ic o w r d s s i p t o n

as a function at frequency. Fig. I I - uiescent-dlevic~urrent felt circuit, Fig. 12 - input current rest circuit.

II T UT 1 0 1 O.'

I ls. .. TOP 'law

via T 1 8T lr C1 b II N IAT IONI Ik 1-A91t 1[tC D49#P*QfI

Oir I I'UII11N G~[T

0-0qln 5EI.1411tiYDitsf

.5$ .ll I 00

Fig . 13 - Inpu volrg o r cru t Fig. 14 - D ym c power d isspa on r a circu t. TERM INA L ASSIGNM EI IT

I 1 0 1 1 410 510 11

5000

IAN

30 - -- ro - -! _ . 5--4

-s

go 02 0-0 2341
(. 4 .-6*

im n ion s nd pac layout for C0 4078iH .

rteV Ehoigggleh irtonlOnl 01 $act# CJ iS 0 A,P

Dimensiopns In parentheses or* in rnillomellefl and are r1ores/1 i ar",g; Min It is Dart of the wa/t Wheln the

deried romthe asi inh diensonsat i di ~ If/ wt 8I aIsI-Iod info Il ,qua f chili.1 Ins anlel of
dlII'IVIK ~ ~ ~ ~ ~ ~ ~ ~~~04'9 mayi velb$¢ic hmr$ol ~ +d~,to +ll r y l wIPI 14111000 1 rhol Cl'P face to,

Gid gradutions &re ir mils (10
- 3 

ncl,). ro+,onf~l cm~al The actuall 0-monls,ons .f the 10181.d

Ch'P ins"lel + reay differ l/iorlli* lion, theI nomnn"
d Ao nsarll$ oWRl the a hou / OSte iOlltil

o-J min ? .16( inl alicable go $,A@ nom-n'ai
4, 'mlr ina, sown

260
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E. Multiplexing Circuitry

This appendix gives a design for multiplexing curcuit so

the half multiplexed AFIT electrode array can be used. At

present a fully working multiplexed 16 x 16 array has not

been produced. However, a partially multiplexed version

(rows on each column are multiplexed) has been produced and

fully tested for functionality. To ultilize the partially

multiplexed array with the system developed in this thesis,

the column outputs must be multiplexed and a sync pulse must

be generated. The system designed to accomplish this is

shown in Figure E.1. The design uses a 7 bit binary counter

to sequence through a 16 channel multiplexer chip. The

circuit reads electrodes across a row by sampling each

column, then the array clock is incremented and the next row

is read. A sync pulse high is generated when the 0 electrode

position is selected and is otherwise low.

E-l
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F. Miniaturization Considerations
iI

Overview

To use the design presented in this thesis, the

telemetry link must be scalable to allow implantation within

a rhesus monkey. To do so requires the use of thick film

hybrid circuit layout techniques. Also the problem of

biocompatibility must be addressed in both the acceptability

of the implant to the host and the ability of the circuit to

operate in a harsh environment. Finally, scalable designs

must be examined for total system integrity, the ability to
I

operate as designed due to placement, and relative position

of individual subsystems in the body. This appendix will

describe the necessary considerations for scaling and present

useful material to fulfill the design.

Subsystem Placement

To solve the problems noted in the design of internal

amplification, FM modulation and support functions, it is

necessary to determine proper placement of each subsystem to

provide optimum performance of the system. Power supply

components, due to their large size and requirement to be

close to the skin for inductive coupling, should be placed in

the chest cavity. Also the FM modulator circuitry should be

placed in the chest cavity in close proximity to the power

supply inductive coupling coil to ease implantation and allow

the use of the same positioning for coil alignment of both

F-I



the powering coil and the FM receiving coil. The array

clocking oscillator should be placed as close to the array as

possible to prevent the coupling of the oscillator to the

inputs of the differential PAM amplifier. Likewise, the

amplifier for the PAM signal should be placed close to the

array to prevent long leads from generating very large common

mode signals and noise in the differential mode signals.

Since the sync signal is produced at the electrode array, the

sync encoding should also be placed near the electrode array.

A proposed system includes a thick film circuit with the

amplifier, sync encoder, and the clocking oscillator on a

single substrate which can be implanted where the skull is

removed to provide access for the electrode array. Another

possibility would place the thick film circuit between the

skull and the skin allowing a slight bulge in the head there.

The signals from the array; multiplexed output, sync, and

reference electrode can be wired to the hybrid circuit with

very short runs while less sensitive signals like the

modulating signal and power supply lines will run down the

neck and into the chest cavity where it will join the power

supply and modulator. Size requirements in the chest cavity

are less critical so power supply and modulator circuits can

be placed on small scale printed circuit boards and enclosed

with the batteries for implantation. If needed, the

multiplexer circuit of Appendix E can be placed on t1. same

thick film as the amplifier, sync encoder, and clocking

oscillator. If the design becomes to bulky for implantation
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in the head the amplifier, clocking oscillator, sync encoder

and possibly row multiplexer thick film circuit can be moved

to the power supply. This is not advantageous because long

wire runs to the electrode array promote noise and coupling

between signals

Thick Film Circuit

The realization of a thick film circuit for implantable

circuits requires small size, good circuit stability in a

hostile environment and hermetic sealing to prevent moisture

and ion degradation (41:26) . Integrated circuit used in the

4 design should be either the bare chip or a leadless chip

carriers. The leadless chip carrier is preferred because the

package provides a hermetical seal, but at the expense of

I ~9area used on the thick film substrate. All circuits used in

the design are available in either bare chip or leadless chip

carrier as stated by the data sheets, however lead times may

I be severe. The substrate used to make the thick film circuit

is usually alumina which provides good structural rigidity.

Conductor and resistor patterns are printed directly onto the

substrate as pastes applied by screen printing methods.

Conductors are pastes made of precious metals in an organic

binder while resistor pastes are mixtures of conductor and

4 glass in a similar binder (42:194). Resistances range easily

from 1 ohm to 10 megohms using thick film, however,

tolerances of only + or - 10% can be achieved. Since the

design requires precision resistances and fairly high
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resistances, it is recommended that cermet chip resistors be

used in series with small trimable thick film resistors.

High precision resistors used in the PAM amplifier are

commonly available in 1% tolerances. Trimming of resistors

can add to the common mode rejection so the design should

incorporate trimable resistors in the first and second stages

of the PAM amplifier. Variable resistors also can be

achieved by trimming once suitable starting resistances are

known. Thick film capacitors are only good for small values,

so discrete ceramic chip capacitors should be used in the

design. Simple reflow soldering provides adequate electrical

connections to the thick film conducting patterns for

discrete components and leadless chip carriers while wire

bonding gives good results for unpackaged integrated

circuits. Connections out of the thick film packaging to the

array and power supply are made by drilling holes through the

alumina substrate and passing stainless steel wires through

the holes. Glass pastes fill in the voids left in the holes

and provide a hermetic seal to the outside when fired

(41:32).

To prevent moisture and ion damage to the thick film

circuit, passivation methods must be used on the circuit

before the package is hermetically sealed. Glass dielectric

overglazes on the thick film circuits with opening for

connections provides suitable protection for thick film

conductors and trimmed resistors (43:40). IC's should then

be put in place and interconnection made to thick conductors.
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Two component epoxy resins, mixed under partial vacuum in a

low humidity nitrogen saturated atmosphere are applied to

IC's and allowed to cure (41:31-32). An ion barrier layer of

polyimide is then placed over the previously cured epoxy, and

it is cured. Special care must be taken to insure openings

for discrete component connections are kept open. Discrete

components are then reflow soldered to the conductor patterns

and an epoxy over coat applied to the entire component side

of the circuit. Passivation and ion barriers are complete

and the circuit is ready for hermetic sealing.

Hermetical sealing of the package is necessary to

inhibit the penetration of fluid into the device. Techniques

include total encapsulation in glass, box like containers

using stainless steel or titanium, dipping in polymers, and

covers using the alumina substrate for the backing. For ease

of use, the latter will be described. A cover is

manufactured out of gold to fit snugly over the components so

the sides extend down beyond the bottom of the substrate. A

hole is placed in the cover to allow back filling of inert

helium gas in to the sealed unit and will be soldered

(Pb-Sn-Ag) shut once the helium is present. The bottom is

sealed by soldering a fillet in between the gold cover and a

Pt-Au metalization which was placed on the bottom of the

substrave before thick film processing (44:401). This

provides a suitable hermetic seal and a good foundation to

make the units biocompatible.
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Biocompatibility

Biocompatibility allows the implant to be accepted by

surrounding tissue and provides no contaminates or tissue

damage from materials or shapes. Previous efforts have used

a full assortment of biocompatible encapsulents including

waxes, plastics, epoxies, and polymers but none have proved

as useful as the silicon rubber. Silicon rubber provides

some very good characteristics for an insulative encapsulent.

First silicon rubber has been used subdermally for many years

with only minimal reaction from the surrounding tissue

(45:34). This provides a jood biological foundation for the

implanted device by allowing no defense mechanisms to disrupt

the normal function. Secondly, the silicon rubber does allow

limited water vapor penetration. The amount of penetration

is low enough that insulating capabilities are preserved and

failure does not occur due to interlead current paths. Here

the importance is to make sure the encapsulent forms a tight

adhesion to the leads and package. Voids formed by poor

adhesion form shunt current paths which result in

implantation failure (46:219). Silicon rubber has good

adhesion characteristics, and with wetting agents and clean

binding surfaces a good seal is assured. Void generation

within the silicon rubber can cause problems, so rubber

curing should be done in a light vacuum so aeration can

occur. Objects that are sealed this way should have smooth

edges and avoid concave surfaces. This is because skrinkage

occurs upon curing.

F-6



Once properly encapsulated the site of implantation must

be carefully selected to keep the implant stationary and not

cause damage while allowing proper operation. Receiving and

transmission coils must be at the surface while battery pack

and transmission circuitry are placed with the chest cavity

affixed to a bone to prevent movement. Brain circuitry

placement requires light pressure of the array on the brain

surface while the amplifier and oscillator placement is

4 outside of the skull or takes the place of the skull making

sure not to exert any pressure on the brain. Teflon coated

stainless steel wire used for interconnections should run

just under skin from the brain to the transmitter unit and

penetrate the chest cavity just at the point of where the

implant is. At all times routing and placement must conform

with the need for unrestrained natural functioning of the

host. The circuit can be implanted and used over a period

of several years before requiring surgery for replacement and

overhaul. At the time of replacement, the previously

implanted device should be analyzed to determine cause of

failure and the knowledge used to generate better implantable

devices.
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